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1987  AWARD  WINNERS 


The  Cady  Award 

lira  Cody  Award  was  presented  to  Virgil  IL  Bottom  Mot  contributions  to  fundamental  theory  and 
experiments,  stimulation  of  growth  of  tho  industry,  and  education  in  quartz  resonator  technology.*  Uto 
award  was  prose-'ted  by  Charles  Adams,  Hewlett-Packard  Company. 

The  Rabi  Award 

Uto  Rabi  Award  was  presented  to  Louis  Essen  “for  contributions  to  cesium  atomic  beam  and  quartz 
frequency  standards.*  Tito  award  was  presented  by  David  Allan,  National  Bureau  of  Standards. 

The  Sawyer  Award 

Uto  Sawyer  Award  was  presented  to  John  A.  Rusters  *in  recognition  of  outstanding  contributions  In 
engineering,  technology  development  and  management  relating  to  quartz  crystals  and  devices.*  Uto  award 
was  presented  by  Charles  Adams,  Hewlett-Packard  Company. 


John  R.  Vig,  General  Chairman;  Virgil  E  Bottom,  Cady  Award  winner;  John  A.  Kustors,  Sawyer  Award 
winner;  and  Leonard  S.  Cutler,  Technical  Program  Chairman,  after  tho  award  presentation.  Lours  Essen, 
Rabi  Award  winner,  was  unfortunately  unable  to  travel  to  tfto  Symposium  to  accept  ftis  award. 
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HIUIS&ONU  PtlSAR  RIVAIS  REST  ATOMIC  ChCCK  STABILITY 

by 

ftivid  U.  Allan 
Time  and  Frequency  Division 
National  Bureau  of  Standard* 

325  Broadway,  Boulder,  ttl  80101 


Attract, 

Thu  measurement  line  residual*  between  the 
millisecond  pulsar  PSR  1017+21  and  atomic  tine  Have 
been  signlf ieantly  reduced.  Analysis  of  data  for  the 
nest  recent  865  day  period  indicate*  a  fractional 
frequency  stability  (square  root  of  the  nod l fled 
Allan  variance)  of  lea*  than  2  x  10' *A  for 
integration  lines  of  about  1/1  year.  The  reason*  for 
the  Inproved  stability  will  be  discussed;  these  are  a 
result  of  the  combined  efforts  of  several 
individuals. 

Analysis  of  the  neasurenents  taken  In  t««  frequency 
bands  revealed  a  randon  walk  behavior  for  dispersion 
along  the  12,000  to  15,000  light  year  path  from  the 
pulsar  to  the  earth.  This  randon  walk  accumulate*  to 
about  1,000  nanoseconds  (ns)  over  265  days.  The 
final  residuals  are  noalnaliy  characterised  by  a 
white  phase  noise  at  a  level  of  169  ns. 

Following  Seproveaent  of  the  signal-to-nolse  ratio, 
evidence  was  found  for  a  residual  modulation. 

Possible  explanations  for  this  nodulallon  include!  a 
binary  cospanlon  (or  conpanlons)  to  the  pulsar  with 
approximate  period(s)  of  120  dava  and  wlih  a  mass  (or 
nasses)  of  tho  order  of  1  x  10*®  that  of  the  pulsar; 
irregular  magnetic  drag  in  the  pulsar;  unaccounted 
delay  variations  In  the  interstellar  taediua;  nodal  lug 
errors  in  the  earth's  epheneris;  reference  atonic 
clock  variations  in  excess  of  what  are  csllaaied;  or 
gravity  waves.  For  gravity  waves,  the  aaplliude  of 
the  length  nodulallon  would  be  about  5  parts  in  10'®. 
Further  study  is  needed  to  determine  which  is  the 
oost  probable  explanation. 

Introduction 

Tlnekoeping  )u>s  historically  evolved  with 
astronetry;  e.g.  tho  rotation  of  the  earth,  the  orbit 
of  the  earth  around  the  sun  or  the  noon  around  tho 
earth  have  boon  fundanental  pendula  for  line  kouping. 
As  atonic  clocks  wore  shown  to  be  noro  accurate  and 
stable  than  thoso  based  an  astronetry,  tho  second  was 
rodaflncd.il)  It  now  saens  that  an  astronoaical 
phanonenen  (2]  nay  rival  tho  best  atonic  clocks 
currently  operating.  Tim  current  best  estimate  of 
the  period  of  tho  nllllsocond  pulsar  (PSR  1937+21)  Is 
1.S57  806  A51  698  38  ns  £0.05  fs  ns  of  6  October  1983 
at  2216  UT. (31  Tills  accuracy  is  such  that  we  could 
wait  over  100  years  between  neasurenents  of  the 
arrival  tines  of  signals  froa  tho  pulsar  before  being 
concerned  with  which  pulse  wc  wore  counting.  The 
period  derivative  has  boon  measured  as  P  ■  (1.051353 
£  0.000008)  x  10**®  seconds  per  second  which  is 
3.31687  parts  in  10*^  par  year.  This  frequency  drift 
is  loss  than  that  of  a  typical  rubidium  frequency 
standard  and  greater  than  that  of  a  typical  cesium 
frequency  standard.  However,  in  the  case  of  the 
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pulsar  the  drift  rate  is  exceedingly  constant;  i.e., 
no  second  derivative  ef  the  period  has  been 
observed. (A)  Tito  very  steady  slewing  down  of  the 
pulsar  1*  believed  to  be  caused  by  the  pulsar 
radiating  electromagnetic  and  gravitational  waves. (5) 

Tine  compatisens  on  the  millisecond  pulsar  require 
the  heat  ef  measurement  systems  and  metrology 
technique* .  Till*  pulsar  is  estimated  la  he  about 
12,000  to  15,000  light  year*  away.  The  basic 
elements  in  the  measurement  link  between  She 
millisecond  pulsar  and  the  atomic  clock  are  the 
dispersion  and  scintillation  due  to  the  interstellar 
medium,  the  computation  of  the  ephemrta  of  the  eatth 
in  barycentrU  ..^ordinates,  the  relativistic 
transformations  because  of  the  dynamics  and 
gravitational  potentials  of  the  atomic  clocks 
involved  with  respect  to  the  reference  frame  of 
interstellar  space,  itw  sensitivity  of  the  Arecibo^ 
Observatory  (AO)  radio  leleseope  (area  of  73,000  ti¬ 
er  18  acres!,  the  accuracy  of  the  Princeton* installed 
measurement  system,  the  filler  bank  and  data 
protusxtng  techniques  for  determining  the  arrival 
time  of  the  pulses,  llm  transfer  of  lime  from  the 
Aretibo  Observatory  atomic  clock  to  the  tine  from  the 
international  timing  centers,  and,  last  the 
algorithm*  for  combining  the  decks  In  the  world 
ensemble  to  provide  the  atomic  dock  reference. 

New  Measurement  Teelinieuea 

Since  the  discovery  of  th«  millisecond  oulsar  by 
Backer  and  Kulkarni  (2)  (la  November  1982),  several 
very  significant  improvements  in  the  ability  to 
measure  the  pulsar  have  occurred.  Figure  1  is  a 
stability  plot  of  the  residuals  over  the  lir«t  two 
years  after  all  the  then-known  perturbations  were 
removed.  The  stability  is  characterised  by  a  l'f 
phase  modulation  (PM)  spectral  dansity.  Thu  standard 
deviation  of  the  tine  residuals  over  the  first  two 
years  was  998  ns.  In  ilia  fall  of  198a  the  group  at 
Princeton  Installed  a  new  data  acquisition  system  in 
conjunction  with  the  filter  bank  for  bettor 
determination  of  the  arrival  time  of  the  pulsus. 
Nearly  simultaneously  NBS  in  cooperation  with  AO 
installed  a  GPS  common-view  receiver  for  the  link 
between  the  Arccibo  dock  and  it  cor  national  timing 
cuntors.  Thu  white  PM  noise  of  tho  GPS  coraon-vleu 
link  is  less  than  10  ns. 

The  data  from  tho  pulsar  included  measurements  made 
at  both  l.A  GHz  and  2.38  GHz. (3]  The  data  wero 
unequally  spaced  with  the  average  sanpla  period 
varying  batwaen  about  3  and  20  days  depending  upon 
the  data  sogment.  Figure  2  and  Figure  3  are  plots  of 
tho  raw  rasiduals  over  the  period  from  the  Fall  of 
198A  to  February  1987.  Since  the  data  were  unequally 
spaced  wc  analyzed  the  data  in  two  ways.  First, 
taking  tho  numbers  as  a  simple  tine  scries  they  were 
analyzed  as  if  they  wore  equally  spaced  vitn  the 
assumed  spacing  i0  equal  to  the  average  spacing 
between  tho  data  points.  Second,  we  used  the  actual 
number  of  points  available,  but  linearly  interpolated 
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Figure  1.  A  plot  of  t!»a  xquAre-root  of  the  aoillfleu  Allan  variance.  »,(«•)  os 
a  function  of  Integration  l  lew.  ».  for  the  first  cuo  years  of  measurements  of 
the  Billisecond  pulsar  timing.  Loran  C  ua*  Che  line  rransfer  means  to  relate 
ro  LTCIUSSO). 


55908 .  56580.  563D0.  56S00.  56700.  56680. 
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Figure  2.  A  plot  of  tho  residuals  of  the  measurements  of  cho  millisecond 
pulsar  tine  at  1 .A  GHz  versus  UTC(NBS)  via  the  CPS  common-view  time  transfer 
technique  and  after  Installation  of  tho  upgraded  Princeton  measurement  system. 
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MILLISECOND  PULSAR  PSR  1337*21  -  UTCSNB6) 
OflTft  nr  2.38  GHZ  HJO'S  1S9SS  -  16861 
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Fir  re  J.  A  plot  of  die  residuals  of  the  seasuretsent#  of  the  Billisecond 
pulsar  cine  at  2.38  Oils  versus  UTC(KBS)  via  the  Cl'S  cosson  view  dee  transfer 
technique  and  after  Installation  of  the  upgraded  Princeton  Beacureuenc  sysren. 
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Flrure  t,  A  plot  of  the  squire-root  of  the  uodlficd  Allan  variance,  oy(r)  as 
a  function  of  Integration  tlt.o.  r.  for  tV  l.A  CH*  data  shown  In  Figure  2. 


a  data  value  between  Adjacent  actual  value*  to 
construct  an  equally  spaced  data  set.  Hie  latter 
approach  had  tha  effect  of  decreasing  the  amplitude 
of  the  higher  frequency  Fourier  components  and 
increasing  the  amplitude  of  the  lover  frequency 
Fourier  components.  The  conclusions  dravn  from  the 
luo  different  methods  of  analysis  vere  consistent. 
Since  it  is  the  nature  of  uhite  noise  (random 
jncorrelatcd  deviations)  that  a  measurement  is 
Independent  of  tha  data  spacing,  and  the  modified 
Allan  variance  indicated  uhite  PH,  then  that 
Indication  is  a  necessary  hut  not  sufficient  test  to 
prove  that  the  measurement  noise  is  uhite  I'M.  On  the 
other  hand,  if  Hod.Oy(t)  »  oy(0  does  not  behave  as 
t'J  ,  then  this  is  a  neeessary  and  sufficient  test 
that  the  spectrum  is  something  other  titan  a  white 
noise  process.  As  will  he  shown  later,  the  latter 
situation  is  applicable  to  our  case. 

Pulsar  Stability  Analysis 


Figure  A  shows  the  fractional  frequency 
stability  plot  oy(0,  for  the  l.A  CHs  data  against 
UTC(NHS).  There  are  several  significant  differences 
between  theso  data  and  those  taken  over  the  first  two 
years  using  Leran  C.  First,  the  spectral  density  lias 
changed  from  a  1/f  (H  to  a  more  nearly  white  ill 
process.  Second,  the  noise  level  has  been  reduced 
significantly.  A  major  part  of  this  reduction  is 
undoubtedly  due  to  the  new  Princeton  waaeuremeut 
system  installed  in  the  Fall  ef  198A.  For  the 
shorter  integration  times  the  leval  now  is  a  white  I'M 
at  317  us.  A  white  noise  process,  if  it  is  normally 
distributed,  can  he  locally  characterized  by  the  mean 
and  the  standard  deviation.  Tha  standard  devlacion 
is  given  by  the  equation, 


rns 


HyU), 


(1) 


lor  any  t,  for  an  average  data  spacing  r0  and  for  the 
white  noise  PH  case.  For  power  law  spectra,  S„(f)  - 
f°,  a  process  with  o  less  than  or  equal  to  +1  will 
have  a  standard  deviation  of  Una  residuals  which  la 
non- convergent..  Hence,  the  standard  deviation  is  not 
a  good  measure  of  these  processes  hut  only  of  a  white 
noise  PH  process.  If  the  standard  devlacion  is  used 
in  the  case  o  S  11  then  its  value  is  data  length 
dependent.  In  face,  the  ratio  of  the  classical 
variance  to  the  square  of  the  white  PH  level 
(equation  l)  is  a  good  measuro  of  the  divergence  of  a 
process;  if  tha  ratio  is  not  I,  the  process  is  not 
white. (6,7)  There  is  an  apparent  flattening  in  tha 
stability  plot  shown  in  Figure-  A  for  the  longer 
Integration  tines.  Tills  will  ho  discussed  in  detail 
later,  hut  that  flattening  indicates  thaw  the 
residuals  are  not  random  and  uncorrulatcd  (white 
noise'!.  The  standard  deviation  of  the  residuals 
aroun-l  a  linear  regression  for  the  data  in  Figure  2 
Is  389  ns  over  the  865  days.  The  ratio  of  tha 
classical  varianca  to  the  squared  white  FH  level  is 
1.44  i  0.17,  which  cloatly  indicates  that  the 
residuals  arc  not  white  noise. 

Figure  5  shows  the  sane  frequency  stability 
measurement  at  2.38  GHz.  The  noise  level  Is 
nominally  modeled  by  325  ns  of  uhite  PH.  Soma 
flattening  for  the  longer  Integration  times  can  be 


seen* 'similar  to  Figure  A.  The  standard  deviation  of 
tha  residuals  around  a  linear  regression  on  the  data 
in  Figure  3  was  378  ns  for  the  865  days.  Again  it  is 
apparent  that  the  residuals  are  not  random  And 
uncorrolated  as  the  ratio  of  the  classical  variance 
to  the  squared  white  Hi  level  is  now  I.A2  i  0.17. 

The  stability  plots  in  Figures  A  and  5  are  quite 
similar. 

Since  the  stability  of  UTC(KBS)  can  he  determined 
independently  of  this  measurement  procedure,  a  very 
careful  analysis  of  the  data  taken  over  1000  days 
covering  tha  pulsar  analysis  period  was  performed. 

The  stability  of  UTC(HRS)  with  coordination  entries 
removed  ••  denoted  ATI  ••  was  compared  in  an  "8* 
cornered-bat"!;)  procedure  against  other  primary 
timing  centers.  Tills  was  accomplished  using  the 
international  HRS/GPS  cocoon-view  technique,  which 
supplies  data  to  the  Mil  for  the  generation  of 
International  Atomic  Time  (TAX ) . ( 7 )  The  measurement 
noise  for  all  of  the  time  comparisons  was  less  than 
10  ns  for  the  white  noise  PH.  Figure  6  shows  a  plot 
of  the  estimated  frequency  stability  for  the  HAS  ATI 
lime  scale  and  indicates  that  the  stability  of  ATI  Is 
typically  less  than  10‘*4. 

Tne  following  two  equations  are  proposed  as  a  model 
of  the  time  residuals  for  the  system. 

Xj  -  Xp  -  XDl  -  XA,  (2) 

Xj  "  Xp  *  Xj)j  -  XA,  where  (3) 

X|  is  the  residual  lime  series  at  l.A  CHs, 

Xj  is  the  residual  time  series  at  2.18  Gils, 

Xp  is  the  pulsar  noire, 

XA  is  the  UTC(NHS)  noise, 

Xp)  is  the  delay  variation  between  Xp  and  XA  at 
l.A  CHs,  and 

Xp2  is  the  delay  variation  between  Xp  and  XA  at 
2.38  CHs. 

On  a  given  day  Xp  and  XA  are  assumed  to  be  the  same 
in  the  luo  equations  because  of  the  high  Q  of  the 
pulsar  and  l he  measured  dispersion  of  the  atomic 
clock  over  the  two  hour  par  lad  during  which  tha 
pulsar  is  measured  at  the  two  frequencies.  Taking 
tha  variance  of  tha  dlfforcnca  between  Equations  2 
and  3  allows  us  to  study  delay  variation  effects 
batwacn  the  two  signals: 

X2  -  Xi  -  XDl  -  XD2.  (A) 


Figures  7  and  8  aru  plots  of  the  tlmo  residuals  and 
of  o„(t)  respectively  for  the  difference  given  by  Eq. 
A.  For  Figure  8  the  input  data  were  equally  spaced 
to  obtain  bettor  spoctral  estimates.  The  x**'* 
behavior  ylolds  a  random  walk  of  the  disporsion 
(white  noise  frequency  modulation,  FH),  which  would 
accumulate  to  a  level  of  one  microsecond  at  an 
integration  time  of  about  2/3  year.  Figure  8 
demonstrates  that  the  dispersion  dolay  was  not 
constant  (3). 

A  differential  dolay  of  1/2  microsecond  over 
fifteen  thousand  light  years  is  1  part  in  10^®, 
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MILLISECOND  PULSAR  PSA  1S37421  -  UTCCNIS) 
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LOG  TflU  CSscand* ) 

Figure  S.  A  plot  of  die  square  root  of  the  codified  Allan  variance,  e_(r)  as 
a  function  of  into  (■ration  elec,  t,  for  the  2.J8  ells  data  shown  In  Figure  J, 


ESTIMATE  OF  STB8ILXTT  OF  UTCCNBSJ 
LOG  MOO  SIGylTAUi  UITH  COORDINATION  CORRECTIONS  REMOVED 
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Figure  G.  An  estimate  of  the  stability  of  UTC(tiBS)  with  coordination 
corrections  subtracted.  The  reference  used  for  the  estimate  was  an  optimum 
weighted  set  of  tloes  from  all  of  the  International  timing  centers  available 
via  the  CPS  common-view  technique.  The  UBS  algorithm  used  for  this 
computation  is  an  effort  to  goncrate  a  world's  "best  clock"  ns  future 
reference  for  the  millisecond  pulsar  measurements. 
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Figure  1.  A  plot  of  the  difference  between  the  1.4  nn.l  the  2.38  Gila  data 
shown  lit  Figures  *  ami  1.  Tills  Illustrates  the  apparent  random  walVt  of  the 
total  electron  concent  In  the  Interstellar  medium 
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Figure  8,  A  plot  of  cho  square-root  of  the  Allan  variance,  oy{t)  as  a 
function  of  Integration  tine,  r,  In  order  to  estimate  the  spectral  type  and 
level  of  the  differential  delay  variations  between  the  1.4  GHz  and  2.38  GHz 
signals  received  from  the  pulsar.  The  r‘UI  line  shown  conforms  with  a  randoa 
walk,  f*,  spectrum  of  the  phase  modulation  (PM),  which  is  the  sane  as  white 
noise  FH  (frequency  modulation) . 
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MILLISECOND  PULSAR  PSR  3937*21  -  UTC(HBS) 
TIME  CnsJ  MOO'S  1S9BS  -1C812 


ORT  (MOO) 

Figure  9.  A  plot  of  the  residuals  After  compensation  for  the  variation*  in 
die  differencial  delay  dispersion  ■-  apparently  due  to  the  random  walVi  of  the 
coral  electron  concent  along  the  path  through  the  interstellar  medium. 

] 
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Figure  10.  A  plot  of  cho  square-root  of  Che  modified  Allan  variance,  oy(r)  as 
a  function  of  integration  Cine,  r.  The  residuals  analyzed  here  have  been 
corrected  to  compensate  for  the  delay  due  to  the  variations  in  total  e'eccron 
content  along  cho  path  from  the  pulsar.  The  residuals  appear  to  be  well 
modeled  by  white  noise  PM  at  a  level  of  about  36c  ns  as  indicated  b)  the  line 
drawn  through  the  frequency  stability  values. 
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suggesting  that  wo  am  dealing  with  a  very  good 
vacuus  and  that  apparently  the  variations  in  the 
total  electron  content  across  the  Interstellar  medium 
can  bo  characterised  as  a  randon  walk  process  (or 
this  particular  path  and  at  Integration  tlaes  of  the 
order  of  a  oonlh  and  longer.  Since  this  Is  the  first 
indication  of  its  kind,  further  study  of  ether  paths 
would  be  of  interest. 

‘the  nest  logical  step  Is  to  use  the  differential 
dispersion  delay  from  (A)  as  a  calibrator.  When  this 
Is  done  the  combined  residuals  are  plotted  In  Figure 
9  and  the  frequency  stability  is  plotted  in  Figure 
10.  the  while  nt  level  Is  now  369  ns  and  the 
standard  deviation  is  371  ns  for  the  S56  days  cosoon 
to  both  frequencies,  the  ratio  of  the  classical 
variance  to  the  squared  while  VH  level  is  now  1.01 
indicating  that  the  white  FH  model  is  a  good  one. 

Even  tftoogh  it  fit*  the  model  well,  the  lowest  ... 
frequency  stability  value  (v»262  days)  of  5.5x10  * 
is  probably  biased  low  due  to  fitting  the  parameters 
In  determining  the  ephenerls  of  the  earth.  In  order 
to  estimate  the  stability  of  tha  pulsar  alone,  the 
lhree*eorner*hat  technique  was  employed  (  7  ];  the 
other  two  corners  were  TAX  and  ATI.  The  best 
stability  estimate  for  the  pulsar  was  3v(t  «  I3A 
days)  •  l.A  s  10*‘4,  which  Is  consistent  with  a  white 
IK  level  of  265  ns. 

Observation  of  Correlations 

There  Is  evidence  of  anti ‘correlation  between 
the  variations  of  Xj  and  X?  as  can  be  seen  by  visual 
inspection  of  Figures  2  ant)  3.  We  can  study  the 
cross'correlatlcn  between  the  signals  by  taking  a 
modified  Allan  variance  of  Equation  A,  salving  for 
the  cross  tern  and  normalising  lit 


with  respect  to  each  other  as  well,  hence  it  appears 
that  one  retards  as  the  other  advances. 

Tito  cause  of  the  positive  cross-correWlon 
coefficient  Is  not  known  other  than  it  is  ownelhlng 
common  to  tha  two  channels.  This  could  intitule 
heretofore  unknown  perturbations  in.  the  atonic  time 
reference,  the  ephenerls  for  tho  earth,  the 
coordinate  or  relativistic  transformations,  delays  in 
the  interstellar  medium,  the  pulsar  or  gravity  wave 
radiation. 

In  order  to  better  understand  the  .-ource  of  these 
unknown  perturbations  the  whole  process  was  simulated 
Including  the  assumed  white  FH  measurement  noise, 
the  random  walk  of  the  free  electrons  in  the 
interstellar  medium  and  a  band  of  sinewave*  of  about 
the  right  period  and  amplitude  to  produce  the  effect 
shown  In  Figure  II.  Figure  12  Is  the  result  of  the 
simulation. 

Analysing  the  band  of  slnewaves  vtth  oy(x)  yields  a 
value  of  <5y(x  •  60  days)  •  10''*.  Figure  6  suggests 
that  UTC(KnS)  is  not  Ike  cause  of  the  unknown 
perturbations  even  though  It  Is  about  a  factor  of  2 
or  3  less  stable  than  ATI  because  of  the  coordination 
corrections. 

Some  of  the  experts  (0)  In  solar  system  dynamics 
believe  that  there  are  not  mlxnodallng  errors  at 
Fourier  components  of  about  3  cycles  per  year  (f  » 
10"'  Its)  that  would  have  an  amplitude  of  the  order  of 
60  meters.  The  nixnodellng  errors  of  the  dispersion 
delay  are  believed  to  bo  below  this  level,  and  the 
variations  due  to  interstellar  scintillations  are 
believed  to  bo  below  the  10’ level,  though  the 
dispersion  delay  and  Interstellar  scintillations  need 
more  study. 
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Equations  5  and  6  can,  of  coursa,  bo  written  In  terms 
of  oy(0  as  well.  The  advantage  of  this  cross- 
correlation  analysis  approach  Is  that  It  acta  llko  a 
high-pass  filter  with  maximum  sensitivity  at  Fourier 
frequencies  centered  an  l/2x;  l.e.  If  thora  are  low 
frequency  components  or  drifts  botuean  tho  signals 
being  cross-correlated  those  are  attenuated.  Because 
of  tho  apparent  randon  walk  of  the  free  electrons  in 
the  Interstellar. medium,  this  approach  was  useful. 

In  addition  tho  oy(t)  optimally  avoragas  tho  phase  If 
tho  measurement  noise  Is  white  PH,  which  Is  also  our 
case. 


Plotting  p(x)  versus  x  In  Figure  11  shows  a  vory 
interesting  positive  cross -correlation  coefficient  of 
0.7  at  t  ■  60  days.  Then  the  coefficient  goes 
negative  for  the  largor  values  of  x.  The  negative 
coefficient  is  believed  to  be  processing  noise  and  is 
due  to  taking  a  nominal  mean  value  of  the  dispersion 
between  tho  two  channels  which  are  random  walking 


There  are  no  known  transformation  errors  of  the 
sice  needed  to  explain  the  unknown  perturbations 
1 9  ),  so  that  leaves  either  the  pulsar  or  gravity 
uave  radiation  as  the  probable  cause.  Deciding  which 
will  be  incredibly  difficult.  If  It  is  the  pulsar, 
possible  causes  could  bet  star  quakes,  as  are 
apparent  with  other  pulsars,  Irregular  magnetic  drag, 
a  system  of  planets  or  a  planet  orbiting  the  pulsar. 

If  gravity  wave  radiation  is  the  cause,  it  can  be 
due  to  the  radiation  sweeping  over  the  earth  or  over 
the  pulsar  causing  the  apparent  relative  clock  rates 
to  fluctuate.  In  order  to  distinguish  this  from 
other  causes  one  or  more  pulsars  will  probably  be 
needed.  Fortunately,  two  more  millisecond  pulsars 
are  coming  up  to  tho  horizon,  and  the  stability  of 
FSK  1855+09  is  encouraging;  it  has  a  period  of  5.362 
100  A52  353  ns  i  69  fs. 

If  correlated  variations  now  being  obsarved  are  due 
to  d. stance  modulation  between  earth  atomic  clocks 
and  l’SR  1937+21,  they  have  an  amplitude  of  about  5 
parts  in  10'^.  The  calculated  levols  of  tha  cosmic 
strings  and  primordial  nucleosynthesis  gravltn' lonal 
radiation  aro  in  the  same  vicinity  as  these  unknown 
perturbation^  being  measured  for  Fourtcr  frequencies 
of  about  10  Hz  l to).  Lower  frequencies,  ovon  though 
theoretically  noro  intense,  aro  more  difficult  to 
noasure  because  of  tho  fitting  parameters  in 
determining  the  ephecoris  of  tho  earth.  c.A.  the  one 
cycle  per  year  and  two  cycle  per  year  terms  arc  not 
expected  in  the  residuals  because  of  the  annual 
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flOOIFIEO  CROSS  CORRELATION  COEFFICIENT 
KJD'S  15386  -  1S8SJ 


Figure  11.  A  plot  of  a  cross  correlation  coefficient,  os  defined  In  equation 
(6),  as  a  function  of  Integration  tine.  r.  Tlie  positive  cross  correlation  of 
0, s  at  r  «  £0  days  corresponds  to  soae  unknown  Instabilities  In  the  over  all 
oeasiireeencs  with  Fourier  coeponents  In  the  vlclnltv  of  three  cycles  per  vear 
(lO”7  lls). 


SIMULATED  MODIFIED  CROSS  CORRELATION  COEFFICIENT 
UITH  WHITE  FN,  RAN00H  UALK  PM  k  SINE  UAVES 


B.  SB.  IBB.  1S0.  200.  2SB .  SBB.  3SB . 


Sanplo  Tlno,  x  (Days) 


Figure  12.  A  plot  of  a  cross-correlation  coefficient,  as  defined  In  equation 
(6),  as  a  function  of  Integration  tine,  r  for  sloulatcd  data. 


10 


■1"  . . . .  -  . - . .  . - — 


closure  and  to  remove  the  effect*  o f  parallax, 
respectively. 

One  Union 

There  ar«  some  obvious  next  stops  for  Improvements  In 
this  exciting  area  of  metrology.  Work  is  in  progress 
at  Frlneeton  which  should  decrease  the  measurement 
noise  and  several  major  lining  centers  are  working  to 
inproving  the  performance  of  atonic  clocks.  The  Bill 
and  the  NBS  have  nade  significant  progress  in 
coahlning  the  best  clocks  in  the  world  In  an  opllnun 
weighted  algorlthn  to  create  tha  world's  "best  eioek" 
as  a  reference.  Further  studies  en  models  for  the 
interstellar  dispersion  and  Us  effect  on  stability 
of  neasurenanta  are  needed.  Another  inpnrtan’ 
object ive  is  to  find  another  pulsar  in  a  reglen  of 
space  providing  sene  orthogonality  and  with  adequate 
stability.  This  would  offer  Inproved  opportunity  for 
detection  of  background  gravity  wave  radiation.  PSR 
1955*09  holds  some  pronlse.  Progress  on  primary 
reference  atonic  clocks  which  night  provide  a  better 
earth-bound  reference  is  going  wall.  These  clocks 
have  inproved  an  order  of  magnitude  every  seven  years 
since  their  Introduction  In  19*0  and  we  see  no  reason 
to  believe  that  this  trend  will  not  continue. U]  1  A 
mercury  ion  standard  with  a  transition  in  the  optical 
region  of  the  spectrum  shows  theoretical  pronlse  for 
long-term  stability  of  l  part  in  10*®,  though  it  will 
probably  be  several  decades  before  this  potential 
accuracy  is  realised. (12 1  Currently  the  Billisecond 
pulsar  rSR  1917+21  Is  proving  to  be  a  very  valuable 
tool  in  evaluating  long  tern  Instabilities  in  the 
b*  it  tine  scales  !n  the  world. 
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Summary 

A  Hcrcury-199  trapped  Ion  frequency  standard  built 
by  Hewlett-Packard  laboratories  has  been  In  almost 
continuous  operation  at  the  U.S.  Naval  Observatory  (n 
Washington,  O.C.  since  installation  in  July,  19S6. 
Orief  Interruptions  in  otherwise  satisfactory  operation 
resulted  from  a  few  electronic  malfunctions  and  from 
failures  of  the  AC  line  supply  to  the  instrument.  It 
was  necessary  to  replace  thr  Mercury  discharge  lamp  and 
the  photomultiplier  tube  af:er  about  6  months  of  opera¬ 
tion.  In  this  paper  we  describe  an  extended  series  of 
frequency  comparisons  between  the  Mercury  standard  and 
one  of  the  Hydrogen  Maser  components  of  UTC(USNO).  The 
results  of  the  measurements  have  allowed  us  to  observe 
the  instrument's  characteristics,  and  to  assess  the 
potential  of  such  a  trapped-ion  standard  in  practical 
laboratory  use. 

Introduction 

A  trapped  Mercury  199  Ion  Frequency  Standard 
completed  at  the  Hewlett-Packard  Physics  Laboratories 
in  Palo  Alto  was  Installed  at  the  U.S,  Naval 
Observatory  (USNO)  in  Washington,  O.C.,  in  July  1986. 
It  has  been  in  near  continuous  operation  at  this 
location  since  that  date.  A  second,  improved  unit  was 
delivered  to  the  USNO  in  May  1937. 

These  prototype  units  perform  well  ant)  a  long 
series  of  frequency  measurements  has  been  made  which 
allows  some  preliminary  conclusions  about  the  perfor¬ 
mance  potential  of  this  type  of  device  in  practical 
laboratory  use.  This  paper  describes  briefly  the 
details  of  design  and  operation  and  gives  an  overview 
of  the  data  collected  up  to  now.  The  operational 
experience  will  be  summarized  and  the  potential  of  the 
device  for  timekeeping  applications  discussed. 

Principles  of  Design  and  Operational  Oetalls 
Trap  System; 

The  principles  of  frequency  standards  using  ion 
trapping  arc  now  well  understood  (1,  2).  We  will 
describe  here  only  the  particular  teatures  of  the 
prototypes  delivered  to  the  USNO  and  used  in  the 
measurements  being  discussed. 

T  trap  system  for  our  prototypes  was  developed 
from  the  apparatus  used  for  the  exploratory  experiments 
described  elsewhere  (3,  4].  The  vacuum  system  has  been 
improved  and  all  potentially  ferromagnetic  parts  re¬ 
moved  from  the  proximity  of  the  trap.  The  use  of  a 
three-layer  magnetic  shield  allows  us  to  work  at  a 
field  of  100  nt.  Isotopic  Hercury  199  is  provided  by 
continuous  thermal  dissociation  of  the  isotopically 
enriched  Oxide,  and  the  correct  pressure  of  Helium  (1E- 
5  Torr)  background  gas  is  obtained  from  a  pyrex  leak. 
The  trap  is  filled  by  generating  ions  with  short  pulses 
from  an  clectron-gun.  We  have  found  that  it  is  essen¬ 
tial  to  maintain  a  very  clean  vacuum  system.  The  tem¬ 
peratures  of  the  trap  structure  and  the  innermost 
shield  are  regulated  to  about  0.01°  C.  The  intrinsic 
hyperfine  linewidth  has  been  shown  to  be  much  smaller 
than  0.1  Hz. 


Control  of  the  Scccno  Order  Ooppler  Shift 

It  is  well  known  that  in  a  useful  frequency 
standard  the  ion  macromotion  energy  must  be  con¬ 
trolled.  As  described  In  a  previous  publication  (5), 
viscous  cooling  by  a  low  pressure  of  Helium  gas  was 
used  in  this  work.  The  effectiveness  of  this  technique 
was  shown  by  analysis  of  the  thermal  Ooppler  sidebands 
of  the  hyperfine  line  (6). 

Once  the  macroaotlon  temperature  has  been  suffi¬ 
ciently  reduced,  the  ion  behavior  can  be  described  In 
terms  of  a  "Cold  Ion  Cloud*  model  in  which  the  trapping 
pseudopotential  is  strongly  modified  by  the  Ion  space- 
charge.  The  characteristic  temperature  below  which 
this  approximation  is  useful  is  given  for  spherical 
potential  wells  by 

T  •  0.436  Hzn 

where  N  is  the  number  of  ions  in  the  cloud,  and  the 
single-ion  macro-motion  frequency  Is  50kHz.  Under  the 
conditions  used,  H  *  2.0x10*6,  and  T  ■  6000  K.  Since 
measurements  indicate  that  the  macromotion  temperature 
Is  about  560  K,  the  cold-cloud  approximation  Is 
justified. 

In  the  cold-cloud  approximation  it  has  been  shown 
elsewhere  (4)  that  the  number  of  ions  in  the  trap,  and 
the  single-Ion  macromotlon  frequency  must  be  carefully 
regulated  to  ensure  a  given  level  of  frequency  stabil¬ 
ity.  In  the  frequency  standard  discussed  here,  both  of 
these  parameters  are  measured  on-line,  and  continuously 
controlled  by  feedback  loops.  For  analytical  conven¬ 
ience,  the  shape  of  the  ion  cloud  is  chosen  to  be  as 
close  to  spherical  as  possible. 

Principles  of  Operation 

A  simplified  block  diagram  of  the  frequency 
standard  is  given  in  Figure  1.  A  pulsed  mode  operation 
is  employed  with  a  cycle  time  of  2.5s.  At  the  start  of 
the  cycle,  the  ion  cloud  population  is  *topped-up*  by 
pulsing  the  electron-gun,  and  the  initial  population 
distribution  is  attained  by  optical  pumping.  The 
microwave  interrogation  signal  is  then  brought  to  a 
position  on  one  side  of  the  resonance  line,  and  the 
pumping  lamp  is  turned  off  to  avoid  light-shift.  After 
1.0$,  the  microwave  frequency  is  moved  off  the  line, 
and  the  pumping  lamp  is  turned  on.  The  photon  counter 
is  then  acti/ated  for  0.5s,  and  the  ion  population  and 
frequency  measured.  This  cycle  is  then  repeated  on  the 
other  side  of  the  resonance  line.  The  frequency  error 
is  estimated  from  successive  photon  counts  on  alter¬ 
nating  sides  of  the  resonance  line  by  a  digital  filter 
algorithm  which  rejects  drift  in  the  background  light 
level. 

The  mode  of  operation  used  for  the  measurements  U 
be  described  is  known  as  the  “Synthes izer-Nu 11"  mode. 
In  this  node,  the  hyperfine  frequency  of  the  Mercury- 
199  ion  resonance  is  measured  in  terms  of  the  external 
reference  source  by  digitally  programing  the 
millimeter -wave  synthesizer  to  drive  the  average  output 
signal  from  the  atomic  discriminator  to  zero.  When  the 
external  reference  is  a  Hydrogen  Maser,  the  lowest 
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possible  level  of  frequency  noise  Is  obtained  because 
noise  froq  the  flywheel  oscillator  Is  not  significant. 

The  processor  handles  th«  primary  digital  feedback 
loop,  regulation  of  the  trapping  parameters,  house¬ 
keeping  tasks,  and  serial  output  of  averaged  data. 
System  parameters  may  be  Interrogated  or  changed  as 
required  from  the  keyboard  during  normal  operation, 
the  output  of  the  standard  in  Synthes  Iter  Mull  consists 
of  numerical  data  corresponding  to  frequency  measure¬ 
ments  averaged  over  contiguous  blocks  of  1280s. 


snitch  to  the  ttandb..  MASER  without  noticcaolc  impact 
on  Che  Master  Clock  timing.  The  controller,  an 
IIP9915B,  reports  all  synthes her  settings  to  one  of  the 
data  acquisition  systems  for  recording.  This  allows  a 
reduction  of  all  readings  to  the  free  running  HASERs. 
The  lead  KASEfi,  presently  H19,  receives  Its  synthesize- 
settings  once  per  day  (at  1200  UT)  from  the  data 
acquisition  s/stc*  which  computes  the  pr  llmlnary  time 
scale  on  the  basis  of  the  24  Cesium  clock  ensemble. 

Measurements 


Rationale  for  the  choice  of  ceasureac-nt  set-up 

The  estimation  of  performance  limits  for  a  device 
which  has  been  designed  for  superior  long-term 
frequency  stability  is  not  a  trivial  affair.  The 
maintenance  of  as  benign  an  environment  as  possible  for 
uninterrupted  periods  of  many  mentns  Is  a  well  known 
practical  problem.  Moreover,  it  was  our  Intent  to  use 
the  new  standard  as  much  as  passible  in  the  present 
operational  environment  of  the  USNO  master  clock 
complex  to  obtain  practical  experience  in  long-term 
laboratory  use  of  the  new  standard,  for  these  reasons 
a  mode  of  operation  was  selected  which  would  allow 
long-term  averaging,  as  well  as  the  monitoring  of 
critical  sysu*  parameters  (which  requires  the  use  of 
the  “monitor  mode*  in  which  frequency  measurements 
cannot  be  made).  It  was,  therefore,  decided  to  operate 
the  unit  continuously,  but  in  two  alternating  modes. 

from  UW  UI  to  1280  0T  cn  the  following  day  we 
use  the  Synthes tacr -hull  mode  described  above.  for 
this  purpose  the  S  «ii  output  from  Hydrogen  Maser  hr. 
19  is  used  as  phase  reference  for  the  quart:  oscillator 
which  is  internal  to  the  Mg*  device.  This  phase  lock 
is  one  of  the  possible  modes  of  operation.  By  operat¬ 
ing  the  llg*  standard  in  the  ’Synthesiser  Mull*  mode  we 
effectively  measure  the  external  frequency  in  terms  of 
the  ng*  resonance.  Cowcnsurate  with  the  stability  of 
this  external  signal,  averaging  over  long  periods  will 
produce  meaningful  performance  statistics.  Of  greatest 
interest,  of  course,  is  the  level  of  the  ’flicker 
floor*  of  the  device,  for  the  cycle  lime  chosen  (2.5s) 
the  hyperflne  resonance  line  has  an  effective  width  of 
850  mu.  we  average  512  of  these  2.5s  cycles  and  each 
of  the  1280  second  averages  is  reported  to  one  of  the 
USNi)  data  acquisition  systems  for  permanent  recording. 

By  using  the  operational  Maser  as  a  reference 
instead  of  the  internal  quartz  crystal  in  the  conven¬ 
tional  way,  we  gain  certain  advantages  and  incur  one 
slight  disadvantage;  the  disadvantage  being  we  have  to 
correct  our  llg*  measurements  for  the  daily  synthesizer 
changes  in  the  MA5ER,  adjustments  which  keep  the  MASER 
approximately  on  extrapolated  UTC(U5NQ).  The  advan¬ 
tages  are  that  during  any  one  day,  an  extremely  stable 
source  is  available  for  averaging  the  Hgv  measure¬ 
ments.  This  allows  a  good  statistical  performance 
evaluation  not  only  In  respect  to  the  MASER  but  also  in 
respect  to  UTC(CSNO).  There  is  no  need  to  take  into 
account  any  contributions  from  the  internal  quartz 
crystal  oscillator.  At  1200  UT  a  MASER  synthesizer 
step  may  occur,  if  necessary,  end  the  unit  iu  then 
operated  for  one  hour  in  the  monitor  node  for  the 
measurement  of  signal  and  background  photon  counts  and 
for  other  parameters.  Mo  frequency  measurement  is, 
therefore,  being  made  during  the  time  when  a  synthe¬ 
sizer  step  may  occur  (and  for  a  full  hour  after  that  as 
well). 

Figure  2  shows  the  arrangement  of  the  three  major 
components  involved  in  the  majority  of  our  measure¬ 
ments.  Two  VlG-11  Hydrogen  MASERS  are  phaselocked  one 
to  the  other  and  are  kept  to  within  lOps  ras  as 
measured  at  1200  MHz.  This  is  done  so  that  at  any  sign 
of  trouble,  or  for  adjustments  and  repairs,  we  can 


Table  1  is  an  example  for  part  of  a  sequence  of 
the  21  minute  measurements.  The  values  given  are  in 
Hertz  and  represent  the  excess  of  the  ion  resonance 
line  frequency  from  the  nominal  40.5073430GHx  of  the 
synthesizer.  A  good  indication  of  the  randomness  of 
the  data  is  the  autocorrelation  function  which  is 
computed  for  the  first  16  delays.  As  can  be  seen  In 
this  typical  example,  the  successive  readings  are 
random  within  the  resolution  of  the  measurements.  The 
last  digit  of  the  readings  represents  units  of  100 
mlcrollz  at  40.5GHz  or  roughly  2.5  parts  in  ten  to  the 
fifteen  (2.5E-15).  The  standard  deviation  of  the  21 
minute  arerages  is  within  35  and  70  E-15,  strongly 
correlated  with  the  slgnal-to-noise  ratio.  This 
changes  over  the  period  of  several  months  as  the 
mercury  lamp  ages.  At  this  time  the  standard  is  being 
operated  well  beyond  the  normal  life  of  the  lamp  (6 
months}  and  the  variance  of  the  22  minute  measurements 
Is  still  growing  slewly.  As  long  as  the  data  are 
randomly  distributed,  averaging  over  a  day  should 
produce  corresponding  dally  frequency  measurements  with 
standard  deviations  of  between  4  and  EE-15.  This  seems 
indeed  to  be  the  case  as  we  can  see  below. 

DATE  HERT2 


6373.298 

-3.2834 

6373.312 

-3.2333 

6373.227 

-3.2827 

6373.342 

-3.2352 

6373.357 

-3.2819 

6373.372 

-3.2825 

6373. 3S6 

-3.2826 

6373.401 

-3.2817 

6373.416 

-3.2843 

6373.431 

-3.2877 

6373.446 

-3.2833 

6373.460 

-3.2836 

6373.475 

-3.2849 

6373.490 

-3.2855 

-32342  • 

KEOiAM,  SKEWNESS 

SIGMA  .  19  -32843  •  AVERAGE,  64  RUMS  (units  in  ICO  Hz) 
AUT GCORRELAT 1  CM ( 0EL )  « 

Delay 

(units  1280s) 


0 

1.000 

1 

-.017 

2 

-.011 

3 

.077 

4 

-.117 

5 

-.027 

6 

-.091 

7 

-.114 

8 

-.034 

9 

-.165 

10 

.046 

11 

.022 

12 

.191 

13 

-.063 

14 

-.160 

13 


15  .050 

16  *.037 

Table  1 

Part  of  the  Daily  Frequency  Measurements 

For  averaging  times  greater  than  one  day,  our 
measurements  have  to  rely  upon  the  long-tera  perfor¬ 
mance  of  the  two  HASERs,  the  USliO  preliminary  and  final 
ti«e  scales  based  on  the  24  Cesium  clock  ensemble,  and 
the  OIK  Circular  0  values  for  UlC(US!i01  which  is,  on 
the  average,  very  closely  real  iced  by  Master  Clock 
12.  An  essential  question  is,  therefore,  to  what 
degree  the  MASER  drift  stays  constant.  A  good  perfor¬ 
mance  estimate  can  be  obtained  for  the  two  YLG-ll's 
from  the*r  difference.  This  is  shown  in  Figure  3.  For 
the  same  period,  the  KASER  frequencies  are  plotted  in 
terms  of  the  Kg*  standard  for  H18  (Figure  4}  and  H19 
(Figure  5).  The  assumption  of  linearity  of  the  drift 
is  Justified,  albeit  only  for  an  environmentally 
undisturbed  period  such  as  the  one  shown.  Dver  the 
last  150  days  the  drift  of  M19,  c.g.,  has  stayed  within 
2.6  and  3.3E-1S  as  given  in  the  column  4  fits  of  Table 
3  below. 

From  the  residuals  of  the  linear  flit,  which 
remove  this  systematic  drift,  a  “three-cornered  hat* 
resolution  or  the  individual  variances  can  be 
obtained.  Table  2  sumnarlaes  the  results  whieh 
represent  estimates  (that  agree  very  well  with  other¬ 
wise  obtained  estimates)  for  integration  times  of  one 
day.  The  systematic  “absolute*  drift  of  the  device 
itself  must  be  estimated  in  reference  to  the  existing 
laboratory  frequency  standards.  This  can  be  done  via 
the  Bin  with  some  cauton  because  of  the  possibility  of 
a  small  annual  period  In  that  scale.  The  measurements 
of  the  preliminary  UTC(USNO)  have  turned  cut  to  be  of 
little  value  during  the  period  available  because  of 
excessive  low  frequency  noise.  This  is  explained 
below. 

Hg*  -  H18  Residuals  ....  8.5E-1S 

H10  -  H19  Residuals  ....  4.3E-15 

l(g*  -  1119  Residuals  ....  7.9E-15 

This  triad  resolved  gives  for 

Hg . 7.6E-15 

M18 . 3.8E-15 

MI9 .  2.1E-15 

Total  number  of  observations;  115  days 
(H.'O  46318  -  46933) 

Table  2 

The  better  performance  of  H19  can  in  part  be 
explained  by  the  fact  that  Us  vacuum  pump  was  equipped 
with  new  Titanium  plates  In  late  1936,  whereas  H18  is 
still  operating  on  its  original  plates  (it  was 
delivered  to  the  USNU  in  September  1933).  The  phase 
locking  of  M18  adds  noise,  too.  Out  this  contribution 
is  only  a  few  E-16  for  a  one*  day  Integration  tine. 
However,  both  units  perform  exceedingly  well.  This  has 
been  very  fortunate  because  due  to  some  rearranging  of 
laboratory  spaces  in  preparation  for  new  equipment, 
most  of  the  Cesiums  had  to  be  concentrated  in  only 
three  clock  vaults  during  the  last  9  months.  As  a 
result  of  th is  rearrangement  and  various  environmental 
problems  the  Cesium  time-scale  has  suffered  several 
noticeable  rate  changes,  and  has  performed  unusually 
poorly  during  the  period  under  discussion.  This  is 
obvious  from  Table  3  which  gives  daily  measurements  of 
the  Mercury  standard  with  respect  to  the  uncorrected 
frequency  of  MASER  M19  (Column  4),  the  adjustments  made 
to  the  frequency  of  M19  on  the  basis  of  the  Cesium 
scale  (Column  3),  and  the  actual  rate  of  the  Mercury 


frequency  standard  with  respect  to  the  corrected  Master 
Clock  (Column  2). 

KG*  FREQUENCY  SUNDRY: 


OATE/HJO 

I|G*-H19  SYHTK/M19  C0L2-C0L3 

N 

S!G 

CHI  01 FF 

A0JUST0 

I1G* -FREE 
MASER  #19 

DAYS 

E-15 

E-15 

E-15 

E-15 

E-15 

6895.000 

1190141 

1189935 

206 

63 

56 

1.0 

-10 

6896.000 

1190125 

1189935 

190 

52 

55 

1.0 

-16 

6397.000 

1190134 

1)89935 

199 

63 

43 

.9 

9 

6893.000 

190134 

1139935 

199 

63 

48 

1.0 

-0 

6399.000 

1190113 

1189928 

185 

63 

51 

1.1 

-13 

6900.000 

119009? 

1189921 

176 

63 

56 

.9 

-9 

6901.000 

1190121 

1189921 

200 

63 

55 

.9 

24 

6902.000 

1190113 

1189928 

185 

63 

53 

.9 

-15 

6903.000 

1190112 

1189935 

177 

63 

4a 

1.1 

-8 

6904.000 

1190106 

11S9942 

164 

63 

54 

1.1 

-12 

6905.000 

1190113 

1189949 

164 

63 

63 

.9 

-0 

6906.000 

1)90135 

11S9956 

179 

63 

56 

1.0 

15 

6907.000 

1190130 

1189963 

167 

63 

S3 

1.0 

-12 

6903.000 

1)90140 

1189970 

170 

63 

66 

.9 

3 

6909.000 

1190136 

118997? 

159 

63 

63 

1.0 

-11 

6910.Q0Q 

1190154 

1189984 

170 

63 

48 

1.2 

11 

Snn.OOO 

1150143 

11C9991 

152 

63 

53 

1.0 

-18 

6912.000 

1190159 

1189993 

161 

63 

60 

.9 

10 

6913.000 

1190152 

1189993 

154 

63 

57 

1.0 

-s 

6914.000 

1190154 

1189993 

156 

63 

6? 

.8 

3 

6915.000 

1190154 

1190005 

149 

63 

64 

1.1 

-7 

6916.000 

1130154 

1190005 

149 

63 

56 

1.0 

-0 

6917.000 

1190152 

1189993 

154 

63 

62 

l.l 

5 

6918.000 

1190152 

1190005 

147 

63 

66 

1.2 

-3 

6919.000 

1190144 

1190012 

132 

63 

57 

1.1 

-14 

6920.000 

1190156 

1190019 

13? 

63 

69 

1.1 

5 

6921.000 

1190152 

1190026 

126 

63 

67 

.9 

-11 

6322.000 

1590143 

1190026 

122 

63 

74 

.9 

-4 

6923.000 

1190155 

1190033 

122 

63 

70 

.8 

0 

6924.000 

1190165 

1190040 

125 

63 

65 

1.1 

3 

6925.000 

1190153 

1190033 

120 

63 

5? 

1.1 

-5 

6926.000 

1190141 

1190026 

115 

63 

71 

1.0 

-5 

6927.000 

1)90146 

1190033 

113 

63 

69 

1.0 

-2 

6923.000 

1190117 

1190026 

91 

63 

53 

1.2 

-22 

6929.000 

1190132 

1190033 

99 

52 

66 

1.0 

7 

LINEAR  FIT  OF  COLUMN  4  •  F  -  F 

Kg*  H19 

REF.OATE  PREO. VALUE  SLOPE  RMS  N  REJECTED  ALLANDIF 
HJ0"  E-15  E-1570AY  E-15  E-15 

6929.0  106.5  -2.83  7  35  0  7.43 

LINEAR  FIT  OF  COLUMN  3  •  F  -  F 

HI 9  MC2 

REF.OATE  PREO. VALUE  SLOPE  RMS  H  REJECTED 

KJO'  E-15  E-15/0AY  E-15 


6929.0  1190047.6  3.77  10  35  0 

LINEAR  FIT  OF  COLUMN  2  •  F  -  F 

Hg*  HC2 

REF.OATE  PREO. VALUE  SLOPE  RMa  H  REJECTED 
MJD'  E-15  E-15/0AV  E-15 


6929.0  1190154.1  .94  14  35  0 

Table  3 

It  is  interesting  to  note  from  the  data  in  Table  3 
that  the  ras  residuals  for  the  fit  of  the  data  in 
Column  4  are  equal  to  the  “Allan  Difference"  from  the 
daily  differences  in  the  last  column  of  the  table. 
This  suggests  that  after  drift  subtraction  the  data 
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over  a  period  of  35  days  arc  still  randomly  distrib¬ 
uted,  and  can  thus  be  usefully  averaged  over  still 
longer  periods,  This  is  a  most  important  result  and 
suggests  that  Mercury  ion  standards  nay  be  valuable  in 
long-tern  timekeeping  applications.  As  further  support 
for  the  absence  of  flicker  noise  in  the  iata  In  Colunn 
4,  we  note  that  the  residuals  for  this  35-day  period 
are  only  slightly  saaller  than  those  for  the  115-day 
period  given  in  Table  2. 

Discussion 

From  the  above  data  which  represent  typical 
examples,  we  can  see  that  the  measurements  can  be 
considered  white  if  the  snail  constant  frequency  drift 
of  the  HASERs  is  subtracted.  In  fact,  as  Is  to  be 
expected,  non-white  characteristics  occur  only  as  a 
consequence  of  severe  environmental  problems  which 
affect  alt  of  the  standards  used  In  the  measurements. 
While  considerable  attention  has  been  paid  to  protect¬ 
ing  the  standards  from  environmental  disturbances, 
several  severe  failures  of  environmental  control  did 
occur  during  December  1986,  January  1937,  and  later. 
The  data  presented  above  do  not  include  these  periods 
because  they  arc  not  typical  and  were  largely  a 
consequence  of  the  installation  of  new  power  systems 
and  other  equipment.  However,  one  of  the  more 
important  lessons  of  the  initial  operation  is  indeed 
the  extent  of  the:  environmental  sensitivities  of  the 
Hg*  device  which  were  Initially  larger  than  expected. 
On  the  basis  of  the  initial  measurements,  we  changed 
the  shield  temperature  from  50°  C  to  40°  C  in  November 
1986.  This  caused  a  positive  frequency  shift  but  more 
importantly,  it  decreased  a  small  frequency  drift  which 
had  been  observed.  After  about  a  month,  operation 
became  very  stable  without  further  interruptions  and  no 
further  frequency  drifts  could  be  detected.  If  that 
should  continue  to  be  our  experience  with  the  Hg* 
frequency  standard  in  its  present  design,  even  without 
further  improvements,  the  Impact  of  the  new  device  on 
long-term  laboratory  timekeeping  will  be  consider¬ 
able.  We  can  obtain  estimates  of  this  by  Integrating 
our  frequency  measurements  as  shown  In  Figure  6  for  the 
KASER  difference  and  in  Figure  7  for  Hl9  in  terns  of 
Hg*.  A  random  scatter  In  the  daily  frequency  measure¬ 
ment  of  7.6E-15  produces,  of  course,  a  randoa  walk  of 
660ps  from  day-to-day  which  is  larger  than  the  free- 
running  KASERs  (ISOps  for  M19).  However,  given  the 
randomness,  we  can  average  over  several  days  and  get  a 
check  on  the  KASER  drift  without  degrading  its  day-to- 
day  performance.  At  present  performance  levels,  runs 
of  14  days  should  accomplish  this. 

A  check  on  the  long-term  frequency  drift  via 
UTC(Blli)  as  reported  in  Circular  0  is  shown  in  Figure 
8.  This  compares  the  integrated  readings  of  HCI2  in 
teres  of  the  Hg*  frequency  standard  with  the  Bill  values 
for  the  same  clock.  If  we  divide  the  period  into  two 
parts  of  70  days  each,  then  a  long-term  drift  of  the 
Hg*  device  would  have  to  be  saaller  than  about  3E-17 
per  day  to  escape  detection.  However,  due  to  the 
possibility  of  a  small  seasonal  term  in  the  B1H  scale, 
we  must  consider  this  as  very  preliminary. 

A  second  unit  was  recently  delivered.  Ho  problems 
were  encountered  in  asscabling  that  unit  at  the  US!I0 
and  it,  too,  is  operating  normally.  Preliminary 
measurements  indicate  that  the  difference  in  frequency 
between  the  two  standards  is  between  one  and  two  parts 
in  ten  to  the  thirteen,  with  comparable  noise  level. 
In  view  of  the  fact  that  the  construction  of  the  trap 
in  this  unit  is  significantly  different,  and  that 
neither  standard  has  been  calibrated  since  installation 
this  performance  is  considered  satisfactory. 


A  few  interruptions  occurred  '-n  our  evaluation  of 
the  first  prototype.  These  were  due  to  initial  prob¬ 
lems  with  the  'uninterruptible*  power  supplies  used  to 
drive  the  Instrument.  In  addition,  several  electronics 
problems  caused  interruptions  of  a  few  days,  foe 
mercury  discharge  law.  Had  to  be  replaced  after  about 
six  months  Of  use  an;.  the  photomultiplier  tube  was 
replaced  for  an  intermittent  problem.  The  second  Tamp 
has  new  been  operating  for  7  months.  Figure  9  show?, 
the  decay  of  the  photon  counv  over  the  last  53  days. 
The  last  day  shewn  corresponds  with  day  200  since 
installation  of  the  new  lamp.  The  decay  of  the  lamp 
output  is  gradual  and  a  replacement  can  conveniently  be 
planned  l.:  advance.  This  decay  of  photon  count  can  be 
attributed  to  three  things;  (1)  a  decrease  *r»  lamp 
output,  (2)  a  decrease  in  PM  sensitlv‘ty,  and  (3)  a 
detuning  of  the  SF.  Wc  believe  that  reason  1  is  the 
predominant  one  but  the  uxact  cause  will  be  determined 
after  the  performance  of  the  frequency  standard  dete¬ 
riorates  to  an  unacceptable  level. 

Canclus lens 

Overall,  the  experience  wit?,  the  prototypes  has 
been  astonishingly  good  for  a  device  based  on  entirely 
new  principles.  As  a  result  of  our  operational  exper¬ 
ience  we  have  discovered  the  need  for  some  small  design 
changes  which  should  take  care  of  the  a forewent iesed 
minor  problems.  In  sumasry,  w*  can  state  that  the  Hg* 
frequency  standard,  even  in  its  prototype  configur¬ 
ation,  has  become  a  superior  instrument  for  advanced 
laboratory  use.  It  will  establish  an  entirely  new 
performance  standard  in  long-term  tlaekeeplng. 
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Vo  report  the  first  closed- loop  operation  of  the  4PI, 
trapped  Ion  frequency  standard.  Herrnrv  199  lens  are 
confined  In  an  RF  trap  and  state-selected  hv  us-  of 
optical  pumping  with  19/.  ms  t*v  light  frets  a  :#;llg 
discharge  lamp.  Absorption  of  microwave  radiation  at 
the  hyperflne  frequency  (AOS  ells)  Is  signaled  hy 
atonic  fluorescence  of  tie  t*V  light.  Hie  frequency  of 
a  A O.S  Cite  oscillator  Is  locked  to  a  1.6  its  wide 
atonic  absorption  line  of  the  trapped  Ions.  Hie 
measured  Allan  variance  of  this  locked  oscillator  Is 
currently  tyr)  -  A. A  it  in-,s/yT  for  20  *.  t  •  l?o 
seconds,  which  Is  better  stability  than  the  hast 
commercial  cesium  standards  hv  almosc  a  factor  of  2. 
Hits  first  result  was  achieved  without  magnet lr 
shielding  and  without  regulation  of  Ion  number.  Hits 
article  describes  details  of  this  flrsr  closed- loop 
operation. 

IWrKODUCTlON 


Recently,  there  as  been  ouch  activity  toward  the 
development  of  trapped  Ion  frequency  standards  because 
Ions  confined  In  on  RF  quadrupole  Ion  trap  are 
subjected  to  very  saall  perturbations  of  their  atomic 
energy  levels  and  weak  forces  which  equalise  any 
population  differences  among  the  ground  state 
hyperflne  levels,  Pctenclally.  the  largest  source  of 
frequency  fluctuation  for  such  a  standard  steas  from 
the  motion  of  the  atoms  wtch.'n  the  trap  via  the  second 
order  dopplor  or  relativistic  rlae  dilation  effect. 
To  minimise  this  perturbation,  heavy  Ions  are 
preferable  to  light  Ions  since  for  a  given  energy  a 
heavy  Ion  will  have  smaller  ve.ocltv.  For  this  ar.d 
ocher  reasons  discussed  later  Ir  this  paper.  ***  llg* 
Ions  have  been  used  for  most  crapped  Ion  frequency 
standard  work, 

Hiere  are  only  two  parameters  needed  to  describe  the 
short-term  stability  of  an  atomic  frequency  standard. 
One  is  the  line  Q  (-(/&()  where  f  is  the  resonant 
frequency  of  the  retercnco  atom  and  Af  Is  the  width  of 
the  atomic  resonance.  For  llg+.  f  is  A0.1  tills  and 
Af  is  as  small  as  O.llte.  thus  trapped  Ion  standard* 
have  lino  Q’s  which  are  orders  of  magnitude  higher 
than  other  microwave  atomic  frequency  standards  Hie 
other  parameter  that  determines  stability  is  the 
slgnal-co-t.olse  ratio  (Sl.’R)  achieved  In  measuring  the 
atonic  resonance.  The  short-term  stability  Is 
Inversely  proportional  to  the  product  of  Q  and  SNR. 

Ac  presont,  four  groups  worldwide  are  developing 
cropped  Hg+  Ion  clocks:  Hewlett-Packard,  Palo  Alto. 
Ca.;*  National  Bureau  of  Standards,  Boulder,  Co.;1 
Unlverslcc  Parls-Sud,  Oraay,  France;5  and  JPL/NASA. 
It  should  bo  noted  that  F.C.  Hajor  first  proposed  the 
use  of  crapped  ,*®Hg'f  Ions  as  a  frequency  standard 
uhllo  working  for  NASA  at  the  Goddard  Space  Flight 
Center  In  1969. * 

TON  TRAPPING 


Ions  can  bo  confined  to  a  region  of  space  without 
walls  by  a  combination  of  electric  and  magnetic  fields 
appropriate  to  Its  mass  and  charge.  The  fields  may  be 


atari*-  electric  and  magnetic  ot  ac  electric  The 
farmer  la  used  In  dc  ac  penning  traps  wb* le  tbe  latter 
l*  used  In  rf  or  Paul  naps 


Z 


Electrode  structure  and  voltages  us -d  In  this  work 

Hie  electrode  structure  and  tlae-varvltig  voltages  frit 
the  rr  trap  used  In  this  work  Is  shown  In  Figure  l 
Hie  electric  potential  Inside  the  trap  when  no  Ions 
are  present  I* 

Vj  -  (»„  ♦  V,  cos  wtHr1- 

where,  for  the  present  work,  w  -  <?a»  Wkll.-..  V  - 
20V.  V„  -  660V ,  -  ( r,1  *  2s,1 1,  and  vm  -  Inside 

radius  of  ring  electrode  -  1.9  cm 

A  charged  particle  moving  In  the  Inhomogeneous 
oscillatory  electric  field  of  the  loll  trap  feels  a  net 
force  (averaged  over  one  cycle  of  w)  toward  the  region 
of  weaker  field  provided  the  amplitude  of  it*  motion 
at  frequency  n  in  small  compared  with  it*  distance 
from  the  center  of  the  trap.  Hie  motion  under  these 
conditions  Is  a  combination  of  a  fast  oscillation  at 
frequency  U  (mlcromotlon)  and  a  slower  frequency  w.  as 
shown  in  Figure  2.  Hie  action  of  the  RF  field  In 
crapping  Ions  Is  described  by  the  electric 
pscudopotenclal  energy.1 

9  -  o1  Vt*(r*  «  As»)/m U-‘£« 

where  m  and  e  are  the  Ion's  mass  and  charge, 
respectively.  The  DC  potential  energy, 

As*  “  eU.fr1  -  2s1)/*1 

Is  added  to  the  pscudopotenclal  giving  the  total 
potential  energy  for  an  Ion  in  the  crap, 

dj  -  mwr1rI/2  +  mut*z*/2 

where,  ut»  -  2e2V</'/n»3HV  +  2eU£/mf1. 

and  w£2  -  8e,V01/m1n2^ 4  •  AeU^/m^2. 


CH24 27-3/87/0000-020  51.00C1987  IEEE 


20 


One  dimensional  notion  for  ion 
in  combined  RF  and  DC  trapping  fields 


Under  the  conditions  listed  earlier  about  10  electron 
volts  of  kinetic  energy  is  required  for  an  *  **!!$*  ion 
at  the  trap  center  to  reach  one  of  the  crapping 
electrodes. 

Our  trap  is  inside  a  vacuum  chamber  at  a  pressure  of 
1<:  x  10**  torr.  By  heating  a  povder  of  Isorepleally 
enriched  nereuric  oxide  (IlgO)  to  about  100  C.  a  vapor 
of  neutral  ***Hg  fills  the  vacuum  chamber  to  about 
10* *  torr  partial  pressure.  electrons  from  a  J-aBt 
single  crystal  filament  are  injected  into  the  crap 
O  30pA.  200V)  ionising  the  neutral  ,Mllg. 

The  resulting  ion  cloud  is  much  hotter  chan  the  room 
temperature  neutral  vapor  in  part  because  ionisation 
of  the  vapor  cakes  place  throughout  the  trap.  It  lias 
been  found  experimentally  that  the  average  kinetic 
energy  of  the  ions  is  shout  10%  of  the  veil  depth. 
The  resulting  2eV  of  kinetic  energy  would  produce  a 
fractional  second  order  doppler  shift  of  about  lO***. 
To  reduce  this  shift  the  vacuum  system  is  filled  to 
about  10**  torr  of  <Hc.  The  Hg+  Ions  collide  with 
these  room  temperature  He  atoms  and  are  cooled  to  Just 
above  room  temperature. 


Hie  magnetic  structure  of  the  ground  state  hyperfine 
levels  of  1  ••llfi'*  is  shown  in  Fig.  3.  Tlte  energy 
difference  becueen  the  (F  -  0,  aT  -  0)  and  (F  -  l,  of 
-  0)  levels  is  used  to  define  the  standard  frequency, 
approximately  fH,+  -  A0.5073A7997  Cllz.  Tho  measured 
frequency,  f,  depends  qundratlcally  on  the  magnetic 
field  at  the  position  of  Cho  ion  cloud, 

f  -  fH,+  +  98BJ(H:/C»). 

For  comparison,  cho  field  dependence  for  Hydrogen 
atoms  Is 

f  -  f„  +2750B*(Hz/C*). 

The  ions  arc  state  selected  by  use  of  optical  pumping 
with  light  from  an  *05Hg  discharge  lamp.  The  energy 
levels  of  *0SHg+  and  ,s®Hg+  are  compared  In  Fig.  a. 
Ultraviolet  light  of  wavolcngch  19a. 2  na  («  6. a  oV; 
from  the  S0IHg  lamp,  uhen  collected  and  focused  onto 
the  l#,Hg+  Ions  will  oxcltc  the  transition  *S1;J(F  - 
1.  °f)  -SP!/2- 


MAGNETIC  FlfLO  (GAUSS) 

Figure  3 

Energy  levels  of  the  ground  state  of  '’"llg*  versus 
magnetic  field. 

The  first  order  field  independent  transition  used  in 
this  work  is  shown. 

The  SP.,« state  decays  after  2  ns  llfeciue  to  either 
sSlfJ(F  -  0,  »  0).  or  IS,J»(F  »  1,  mf»  thereby 

scattering  a  19a  na  photon.  Since  the  transition 
sS,.j(F  -  0,  my  ~  0)-sl’,,j  is  not  resonant  with  the 
light  from  the  3#,ilg  lamp,  the  ions  are  pumped  out  of 
the  ?Sl#j(F  -  1,  tar )  state  into  the  *S,,.(F  »  0,  my  *• 
0)  state  at  which  time  the  ions  stop  scattering  UV 
light.  A  flux  of  about  3  x  10* *  photons  per  seeond 
per  cms  passing  through  the  ion  cloud  will  depopulate 
the  JS,,j(F  -  l,  my)  levels  in  about  1/2  seeond.  In 
this  “prepared*  srate,  an  interrogating  mleruwave 
field  (strength  10' *0)  at  frequency  at».%0/3../9ii  ells 
will  transfer  the  atoms  from  the  (F  -0,  my  -  0)  srato 
to  the  *S.JS(F  -  1,  Py  ••  0)  state  In  about  1  second. 
The  Ions  will  then  scatter  UV  light  until  they  are 
pumped  back  into  the  non-fluorescing  aS|,g(F  -  O,  p,  - 
0)  state.  The  strength  of  this  scattered  light  is 
used  to  determine  whether  the  interrogating  microwave 
signal  was  correctly  tuned  to  the  atonic  resonance, 

f  .  0  F’  •  l 


F  •  0  F  •  l 

(I'Ol  (1*1/2)  loo  * 

Hg 


Figure  t, 

Ground  and  lovost  optically  excited  states  of  ,02llg+ 
and  1S9Hg+  are  compared  showing  how  light  from  202llg+ 
will  pump  1®eHg+  Ions  Into  the  *S,.,(F-  0,  M  -0) 
Level. 
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UV  OPTICAL  SYSTEM 


The  design  of  the  optical  system  U  crucial  to  the 
slgnal*Co*nol*a  ratio  of  the  atoale  resonance  signal 
In  a  trapped  Ion  standard.  The  detected  UV 
fluorescent  radiation  from  the  Ions,  produced  after 
absorbing  microwave  photons  near  40.5  tills  comprises 
the  signal.  Tlie  efficiency  of  collection  of  the  light 
scattered  by  the  Ions  further  determines  the  signal 
level.  The  noise,  on  the  other  hsnd.  Is  produced  hv  a 
number  of  sources.  These  Include  the  optical  pimping 
light  reflected  frost  electrodes  and  windows.  radiation 
scattered  by  the  background  neutral  mercury  atoms,  and 
light  due  to  the  hoc  electron  filament. 

Figure  5  shows  the  optical  system  used  to  collect  and 
focus  UV  light  frost  the  s#5llg  lamp  onto  the  l«n  cloud 
The  system  consists  of  an  rr  excited  lamp  which 
produces  the  UV  light,  and  an  ellipsoidal  mirror  which 


Figure  5 

19*  na  UV  light  Is  scattered  by  the  crapped 

Ions  after  absorption  of  microwave  radiation  near  '<0.5 

Gils. 

collects  and  focuses  the  light  Into  the  crap.  This 
single  element  optical  system  ensures  that  the  maximum 
amount  of  light  is  collected,  while  the  scattering 
from  the  surfaces  Is  nearly  eliminated. 

Tho  lamp  Is  excited  with  15-20  watts  of  rf  power  (160 
Mils)  croatlng  a  very  bright  discharge  In  tho  quarts 
cell  containing  the  s#lllg  vapor  with  about  30 
mlllltorr  of  argon  buffer  gas.  Tho  useful  light  from 
tho  ,0*llg  lamp  is  from  the  194.2  rua  transition  In 
,0,Hg+  shown  in  Figure  4. 

However,  tho  brightest  wavelengths  produced  In  the 
lamp  are  from  transitions  In  the  neutral  ilg  atom. 
Any  light  detected  at  wavelengths  other  than  194.2  na 
will  degrade  the  SNR  of  the  measured  atomic  resonance. 
Thoro  aro  throe  ways  we  suppress  the  detection  of 
light  with  wavelength  dlfforont  from  194  na: 


l)  Tho  photomultiplier  cube  (PHT),  used  to  detect  UV 
atomic  fluorescence  is  only  sensitive  to  light  that 
h  wavelength  between  160  and  320  nm,  with  peak 
sensitivity  of  12-15%  at  210nm.  The  brightest  line 


coming  from  the  lamp  In  thin  bandwidth  la  the  2  44  nm 
line  of  neutral  Ilg  and  Is  2H<1  times  brighter  than  the 
194  na  line, 

2)  The  ellipsoidal  collection  mirror  ha*  a  thin  film 
dieleecric  coating  which  maximise*  reflection  at  104 
nm  ,  while  keeping  the  reflectivity  at  .’'<4  tsa  at  4in 
with  lower  reflect ivlrlex  for  longer  wavelength*.  The 
entrance  window  to  the  trap  region  la  coated  to  he  «8% 
reflective  at  2V»  nm  while  being  «n%  transmitting  at 
104  na. 

3)  All  light  collected  hv  the  detection  optic* 
■•strav  scattered  light  plus  fluorescent  light  from 
the  atoms* *1*  filtered  with  a  194  na  bamlpaa#  filter 
with  peak  transmission  10.4(1%  and  bandwidth  4%  is*. 
The  five  element  lens  system  used  in  this  first 
operation  Is  designed  to  form  an  Image  of  the  Ion 
cloud  (assumed  to  he  a  sphere  of  6  ma  diameter)  on  the 
PHT.  Title  svstem  optimise*  the  collection  of  light 
emitted  by  the  ions  within  the  constraints  of  the 
existing  dimensions  of  the  endenp  electrode. 

The  solid  angle  subtended  hv  the  collection  optics 
around  the  trap  center  l*  4%  of  the  total  4*  solid 
angle.  The  total  efficiency  of  till*  derecrlon  svsrcm 
Is  equal  to  the  solid  angle  (O.04)  rimes  the  bandpass 
filter  loss  (.35)  time*  the  P.HT  senslclvltv  (U.12%  nr. 
2  x  It)*3. 


Light  scattered  from  the  Ions  when  microwaves  (40.5 
Oils)  are  applied  In  detected  together  with  stray  light 
from  olectrodos  and  windows. 

Tho  atomic  fluorescence  and  stray  scattered  light  can 
bo  seen  In  Figure  6,  showing  UV  light  detected  by  the 
PMT  versus  time  as  counts  In  a  multichannel  scaler. 
The  scan  Is  triggered  by  the  start  of  the  electron 
pulse,  which  forms  the  Ions  and  causes  some  increase 
In  dcteccod  light.  Aftor  about  1  second  the  electron 
pulse  is  switched  off,  the  ions  are  pumped  into  the 
*S,,I(F  -  0,  or  -  0)  levol  and  only  stray  light  Is 
collected.  At  2  seconds,  the  40.5  CII:  radiation  In 
switched  on,  transferring  soma  of  the  atoms  into  the 
?Sl/j(F  -  1,  nf  -  0)  sente  where  they  scatter  light  as 
discussed  earlier.  Finally,  at  about  3  seconds,  the 
microwaves  arc  switched  off  and  tho  atomic 
fluorescence  dies  away  with  time  constant  of  about  1/5 
second, 

CLOSED  1001’  OPERATION 


The  sequence  of  operations  used  to  carry  out  a 
measurement  of  the  7Sin(.T  -  0,  rar  -  0)-  *Sm(F  -  1. 
mr  -  0)  frequency  are  shown  In  Figure  7.  By  repeating 
this  sequence  as  tho  frequency  of  the  microwaves  Is 
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Figure  7 

The  sequence  of  operations  used  to  determine  whether 
the  *0,5  Gil:  is  correctly  tuned  to  the  Atonic 
resonance.  Two  cycles  are  shown. 

stepped  In  0.2  II:  Increnents.  we  neasur*  the  resonance 
curve  shown  in  Figure  8.  For  tho  0.5  second  square 
microwave  pulse  used  In  this  measurement,  the  smallest 
llnewldth  theoretically  attainable  Is  1.6  II:,  which 
corresponds  to  Q  -  2,5  x  10,#. 


NUMBER  OF  SWEEPS  4 

CENTER  FREQ  (Hz)  7. 340077E+6 

FREQ  STEP  (Hr)  0.2 


Figure  8 

Atonic  fluorescence  as  the  frequency  of  the  *0.5  Cll: 
oscillator  Is  swept  through  the  atonic  resonance. 

The  oscillator  Is  locked  to  the  1.6  II:  wide  resonance 
line  by  stepping  the  oscillator  0.8  II:  to  either  side 
of  tho  resonance  and  adjusting  the  center  frequency  of 
this  +  0.8  II:  step  to  null  tho  difference  In 
fluorescence  rates.  More  precisely,  suppose  tho 
center  frequency  of  the  *0.5  Cll:  oscillator,  F,,  Is 
within  one  llnewldth  of  the  resonance,  three 
neasuremencs  of  the  fluorescence  are  nnde  on  alternate 
sides  of  Ft: 


Cl  at  F,  +  0.8  II: 
C2  at  F,  •  0.8  II: 


drift  In  the  *0.5  Gils  oscillator's  frequency,  away 
fron  the  atonic  line  center. 

The  sequence  of  center  frequencies  obtained  In  this 
closed  loop  operation  Is  shown  In  Figure  9.  The 
measurement  shown  lasted  Just  over  2  hours.  A  single 
measurement  cycle* 'electron  pulse  to  load  Ions  In  the 
trap,  a  wait  period  while  Ions  are  optically  pumped, 
leap  switched  off  while  microwaves  drive  the 
transition,  and  leap  and  counter  switched  on  to 
aonltor  fluorescence* • lasts  about  2.5  seconds.  The 
loop  tine  constant  T  Is  5  aeasureaent  cycles,  that  Is. 
about  12.5  seconds. 
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MEASUREMENT  NUMBER 

Figure  9 


Frequency  deviation  of  the  *0.5  Cll:  oscillator  while 
servoed  to  the  1.6  II:  wldo  atonic  resonance.  Each 
measurement  lasts  2.5  seconds. 


The  Allan  variance  derived  from  the  sequence  of 
frequencies  |F, I  is  shown  In  Figure  10.  The  reference 
frequency  for  tho  *0.5  Cll:  oscillator  Is  provided  by  a 
Hydrogen  Haser  (SAO-21  In  the  Frequency  Standards 
Laboratory).  For  clnos  long  conpared  to  tho  loop  tine 
constant  the  Allan  variance  falls  as  *. A  x  \.0'>7/y/T. 
This  shorc*cern  stability  Is  nearly  a  factor  of  2 
better  than  that  of  the  best  commercial  Cesium 
standards  (8.5  x  IQ' 17 Apr). 

Those  first  results  were’  done  without  shielding  tho 
0  8  C  nub lent  nmgnoclc  field  in  the  crap.  The 
residual  field  dependence  at  0.8  C  Is  157  ll:/G. 
Frequency  stability  of  2  x  10* >>  at  this  field 
sensitivity  requires  magnetic  fiold  fluctuations 
snallor  chan  60  pG  over  tho  320  seconds  required  to 
reduce  statistical  error  to  2  x  10* * 5 .  For  this 
reason  we  have  not  pushed  the  Allan  varlanco  data 
beyond  320  seconds  In  this  first  tost. 


conclusion 


C3  at  F,  +  0.8  II: 

The  oscillator  center  frequency  Is  then  changed  to 
F»*l  -  F,  +  (0.8Hz/T)CC1  +  C3  -  2C2)/[2(S1CNAL)1  whore 
SIGNAL  Is  the  height  of  the  fluorescence  above 
background  and  T  Is  the  loop  tine  constant  in  units  of 
measurement  cycle  doe.  The  “second  difference"  (Cl  + 
C3  •  2(C2))  Is  used  because  It  Is  insensitive  to 
linear  drifts  In  lamp  intensity.  If  the  first 
difference  (C1-C2)  had  been  used  to  change  F,.  a 
linear  drift  In  lamp  intensity  would  force  a  linear 


In  Its  first  closed  loop  operation,  the  frequency 
stability  of  the  crapped  * *®Hg+  frequency  standard  has 
been  measured  to  be  a  (r)  -  A. A  x  10 ’l7/\Jt~ for  20  <  r 
<  320  seconds.  ' 

Many  improvements  are  underway  to  increase  the  short- 
and  long-  term  stability  of  this  standard  including 
increased  collection  efficiency,  shielding  the  ambient 
magnetic  field,  and  designs  for  craps  which  could 
store  up  to  a  hundred  times  the  present  Ion  number. 
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NUMBER  OF  MEASUREMENTS  AVERAGED  TOGETHER 
Figure  10 

Allen  variance  oC  elm  sequence  of  center  frequencies 
shown  In  Figure  9.  Multiply  by  2.5  seeomls  to  convert 
the  horizontal  axis  to  time. 
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Hoorn  HOIt  K237,  Holmdel, 

A  'K'iKAOT* 

Wo  prop©*  *  a  novel  FM  sideband 
technique  to  re-  ce  drastically  the  double 
re  nnanee  linoUd.7  in  a  Rb  atonic  eloek 
punped  by  a  stabilised  diode  laser.  This 
could  be  aehived  by  the  use  of  the  nonlinear 
susceptibility  of  three-level  Rb  atoms  when 
the  incident  microwave  signal  is  modulated. 

Oy  using  resultant  FM  sidebands  o£  e  laser 
and  synchronc.  ■,  '3vtect:-n  high-order 
derivative  shapes  of  absorptive  and 
dispersive  parts  of  double-resonanco  spectral 
line  were  measured.  The  linowidch  as  narrow 
ns  20  II*  was  obtained,  which  was  1/10  tines 
that  of  the  rf-oxcited  87Rb  atomic  clock. 
Optimum  valuoa  of  modulation  parameters  wore 
found  by  the  computer  simulation.  Futhorraore, 
contributions  of  the  laser  frequency  detuning 
to  tho  light  shifts  wore  also  estimated  to 
attain  the  microwave  frequency  accuracy  as 
high  ns  10"12. 

7.  Introduction 

Highly  stable  microwave  frequency 
oscillators  have  been  required  Cor  many 
applications  such  os  satellite  communications 
,  satellite  crocking,  global  positioning 
system  (GPS),  and  so  on.  Portable  Coslum 
(133Cs)  atomic  clocks  and  Rubidium  (87Rb) 
atomic  clocks  have  boon  used  Cor  theso 
applications,  and  improvements  of  their 
performances  are  indispensable  for  tho 
progresses  of  theso  applications. 

For  these  improvements  ,  tho  optical 
pumping  and  the  optical  detection  by  diode 
lasers  hove  boon  proposed  for  133Cs  atomic 
clocks^  1.  In  the  case  of  the  optical 

pumping  for  87Rb  atomic  clocks,  the 
replacement  of  a  rf  -  excited  87Rb  lamp  by  a 
diode  laser  has  been  proposed  ,  and 
preliminary  experiments  on  laser  pumped  87Rb 
atomic  clocks  have  been  reported^2).  The 
authors  already  showed  that  a  quantitative 
evaluation  of  light  shift  and  a  novel  double 
resonance  lineshape  with  a  drastically 
narrower  linewidth  can  be  obtained  by 
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utilising  an  advantage©!!/  *.r t*  ;?  a  high 
temporal  coherence  of  the  ia  r^1.  This  can 
be  aehived  by  the  t*  FM  laser  sidebands 
Induced  by  the  nonlinear  susceptibility  of 
throe-level  87Rb  atoms  and  the  microwave 
frequency  modulation.  However,  to  the 
author's  knowledge,  this  effect  has  not  been 
known  yet  and  is  employed  as  an  advanced 
technique  for  Improved  s?Rb  atomic  clocks. 
Therefore,  extremely  high  ttability  of 
microwave  frequency  can  be  obtained  by  using 
this  technique  at  optimal  conditions. 

In  this  paper,  a  theoretical  analysis 
for  this  technique  and  an  evaluation  of 
microwave  frequency  stability  for  a  diode 
laser  pumped  87Rb  atomic  clock  are  carried 
out.  In  section  II,  tho  observation  of  some 
noval  doublQ-rasonanco  linoshapos  with 
narrower  linewidth  aro  demonstrated.  In 
section  III,  the  theoretical  analysis  for 
double-resonance  by  means  of  the  equations  of 
motion  of  density  matrix  elements  are  given. 
In  section  IV,  optimal  conditions  for  tho 
highest  microwave  frequency  stability  are 
found  by  the  computer  simulation.  Finally, 
in  section  V,  both  contributions  of  the  laser 
frequency  detuning  to  the  light  shifts  and 
effects  of  laser  linewidth  on  microwavo 
frequency  stability  ore  investigated. 

II.  Observation  of  Double  Resonance  Spectral 

Shapes  with  Narrower  Linewidth 

Figure  1  shows  an  experimental  setup  for 
a  laser  pumped  87Rb  atomic  clock,  in  which  a 
commercially  available  87Rb  atomic  clock 
(Fujitsu,  5407A)  was  used.  The  rubidium  gas 
cell  with  natural  rubidium  vapor  (87Rb/88Rb 
a  3/7)  and  buffer  gases  was  installed  in  the 
microwave  cavity.  Figure  2  (a)  and  (b)  show 
examples  of  novel  optical-microwave  double 
resonance  spectrum.  The  vertical  axes  of 
these  figures  are  the  output  voltage  of  the 
phase  sensitive  detector  (P.S.D.)  in  Fig.1. 
At  first  glance,  the  lineshapes  of  Fig. 2  (a) 
and  (b)  seem  to  be  quite  different.  These 
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difference,  however,  only  stems  from  the 
difference  of  the  modulation  index  (HI, 
the  modulation  frequency  {  ),  and  the 

phase  defference  (el  betwaen  the  output 
signal  from  the  pest-deteccor  amplifier  and 
the  reference  signal  for  P.5.D.  Other 
conditions,  for  instance,  the  laser  power 
density  and  the  rubidium  gas  cell 
temperature,  were  equal. 

It  is  worth  to  mention  that  the  peah-co- 
peak  linewidths  at  the  center  of  these 
figures,  i.e.,  the  separation  between  points 
A  and  D  in  Pie. 2  (a)  and  (b),  are  much 
narrower  than  those  of  rf-exeiEed  87Rb  atomic 
clocks,  in  the  case  of  Pig. 2  (a)  and  (b),  the 
linewidths  were  75  Its  and  1 1 0  lls, 
respectively,  in  contrast  with  them,  the 
linewidth  of  rf-exeited  87Rb  atomic  clock  was 
300  lls  as  shown  in  Pig. 3.  Furthermore,  the 
slope  at  the  center  of  these  lineshapes  were 
too  steep,  and  depended  upon  the  modulation 
parameters  such  os  M  ,  vB/2«  ,  and  p  .  The 
slope  is  related  to  the  microwave  frequency 
stability  given  fey!*! 

0.2 

V*>  * -  '‘1/2  HI 

QCS/t!)  , 

where  y(t)  is  the  square  root  of  the  Allan 
variance  of  microwave  frequency 
fluctuations!5!,  t  13  the  Integration  time, 
S/H  is  the  signnl-to-noisc  ratio  of  the 
signal  from  post-detector  amplifier,  and  Q 
is  the  quality  factor  of  the  frequency 
discriminator  which  is  given  by 

0  ■  -W-  -  •  <2> 

In  eq.(2),  vRb  13  the  microwave  transition 
frequency  ,  and  Av  is  the  linewidth  of  the 
derivative  shape  which  13  doflnod  as  the 
separation  between  the  points  A  and  B  of 
Pig. 2.  Cq.dJ  also  can  bo  expressed  by  the 
use  of  S}(>S/A>;),  as 

0.2  ti  1 

’  y  (  t  |  II - l"1'2  (3) 

VRh  S1 

Since  microwave  frequency  stability  «y(U  is 
inversely  proportional  to  S^,  largo  value 
improves  the  microwave  stability.  Thus,  to 
find  optimal  conditions  for  larger  slope  is 
useful  to  improve  the  microwave  frequency 
stability  for  a  laser  pumped  87Rb  atomic 
clock . 

III.  Analysis  of  Optical-Microwave  Double 
Resonance 

The  three  -  levei  model  of  an  atom 
is  employed  to  analyze  the  optical  - 


microwave  double  resonance!6!.  As  showed  m 
Fig, 4,  tw©  hyperflne  levels  ©f  the  ground 
state  of  t5Sj^2*f>*1l*,sp*0!  aft{! 
!5S,/2,P»2,mp«01  ,  and  an  excited  state 
CSPj/jl  correspond  to  the  relevant  three 
levels,  which  are  expressed  as  la>,  lb>,  and 
|e>,  respectively.  The  magnetic  field  of 
mlerewave  and  the  electric  field  of  a  laser 
are  represented  as 


llM(r,s,t)  ■  (llM0J0(3.S32r/Rl8in(kM8l/2J* 

exp|-i-HC|  ♦  C.C.  ,  H) 

ELU,tJ  •  (EL/2lexp|-l(wLt-kLs)l  ♦  C.C.  ,  (5) 

where  llM  and  are  the  amplitudes  of  the 
magnetic  and  the  electric  field,  and 
are  angular  frequencies,  kH  and  k^  are  wave 
vectors,  respectively,  J0  is  the  Bessel 
function  of  the  0-ch  order,  R  is  the  eavity 
diameter,  x  and  r  are  the  positions  along  the 
cylindrical  microwave  cavity  axis  and  che 
radius,  respectively,  and  C.C.  represents  a 
complex  conjugate.  The  transmissivity  T  of 
the  amplitude  of  the  laser  electric  field 
through  the  gas  cell  ean  be  derivod  by 
solving  the  equations  of  motion  for  the 
density  matrix  of  the  three  -  level  model 
undor  the  perturbations  due  to  external 
fields  given  by  eqs.14)  and  (5).  The 
solution  ean  bo  expressed  as  T  ■  exp(-  6  - 
1$  J,  whore  *  and  4  are  the  amplitude 
attenuation  and  the  phase  shift, 
respectively.  The  '■  and  <  can  bo  described 
by  using  nonlinear  complex  susceptibility 

*o(3>  <*  *e‘m  "  lVt3>  * 


1  »(3) 
c 


2c 


(6) 


and 


where,  c  is  the  speed  of  light,  Lg  is  the 
length  of  87Rb  gas  cell.  The  macroscopic 
polarization  (  P  )  of  ®^Rb  gas  can  be 
described  as 

P  =  *-0  xe(3>EL  b  Tr<  Pe  0  )  .  (8) 

where,  Cq  is  dielectric  constant  of  vacuum, 
nc  is  the  electric  dipolemoment  operator, 
and  p  is  the  ensemble-averaged  density 
matrix. 

On  the  other  hand,  the  atomic  density 
matrix  obeys  the  Schrodinger  equation 
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58  1  3texec  relax 

- * - (  »|,  £  }  - ,  — - — (9) 

n  ift  at  at  , 

where,  t  is  the  time,  n  is  Plank’s  constant, 
II  Is  the  Hamiltonian  ineluding  the  atomie 
interactions  with  the  laser  light  field  and 
the  microwave  field,  t'exec  and  £rel3X 
represent  the  atomic  excitation*  and 
relaxation  processes  in  a  phenomenological 
way.  The  Doppler  effect  on  account  ef  the 
atomic  motion  is  not  taken  into  aeeeunc, 
because  the  drift  velocity  (  v  )  of  87nb 
atoms  in  buffer  gases  is  sufficiently  lew, 
i.e.,  |k^vj  ,  |kflV|  <<  1  <71.  The  Schrodlnger 
equation  (9)  of  three-level  density  matrix 
can  be  solved  by  taking  account  third-order 
perturbations  arisen  by  external  fields. 
The  results,  of  which  details  of  this 
derivation  will  be  published! 8 1,  from  eq.<4)- 
(9)  are 


longitudinal  relaxation  constant,  xH  and  x,, 
are  the  Rabi  angular  frequencies  of 
microwave  and  laser,  respectively,  la 

the  electric  dipole  moment  between  levels 
la»  and  |e»  ,  n#  tx  »  a,b,el  is  the 
population  ef  each  level  , 
is  the  laser  angular  frequency  detuning,  wM 
and  w^  are  products  of  the  population  and 
the  transition  probability  of  microwave  and 
laser,  respectively,  and  ««{  ^1  is  an 
energy  density  of  the  laser  field  which  is 
given  by 

I  ’-l/2 

•<*1,1  —  -  061 

9  i-'o-n.*2  *  rn/2»3  . 

Here,  *g  is  a  eenter  angular  frequency  ef 
the  laser,  and  is  a  PWHM  of  the  laser. 


weakg|l,etca)|  2  ?<ca*3}  Yab*  “  5ca*3*<  '"ba*"  VM* 

/ - 1! - ! - - - — —  "<*1,104,  •  <’oi 

2c(qT1  l^ba*  *wh1  *7ab* 


and 


♦  m 


/ 


**ca*'g 


2c 


2  * 


wotca)j  2  ^ca^'^ba'  "“m!  *  5cat3*  '*> 


,3>  w 


r0* 


<“ba*  ""h!2  4W2 


£tt«|,)d-j,  ,  OU 


where 


bn 


■  Wi 


ba 


^ab^cb*  Yc»l  *  XLZ 

YebYca  ♦  XM2  "  Awb2 
2 


Aw, 


Ycaxb  +  <Ycb+Yca,(ufba-wM)AwU 


'ab  9  'ab 


YcbYca  A  XM  ‘  ““L 

l<na-nc)-(Ya-Uv1»w^Ya“1«MHYcbWxI.2+<uba-wMlA>l 

-  I  (no-nblOYj,-1  ♦Tfb_1 


«iw. 


,  02) 


,  03) 


r  <31. 
•ca 


YcbYca  +  XM2  "  AwL2 


,  04) 


and 


C  <3)b - -  (15) 

YcbYca  +  XM2  '  AuL2 

uXy  is  the  angular  frequency  of  the  optical 
transition  between  the  levels  |x>  and  |y>, 

YXy  (x,y  =  a,b,c  x^y)  is  a  transverse 
relaxation  constant  ,  Yx  (x  =  a,b,c)  is  a 
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Th*  second  term  of  the  right  side  of  eq.tt2) 
represents  light  shift,  l.e.,  the  microwave 
frequency  shift  induced  by  User  frequency 
detuning,  the  second  term  Ycaxb2  end  the 
third  term  (  Ycb*  Yca)(  of  rJt^ht 

side  of  cq.(l3)  represent  a  power  broadening 
and  an  inhomogeneous  broadening  induced  by 
light  shift,  respectively. 

IV.  Optimal  Conditions  for  the  highest 
Microwave  Frequency  Stability 

In  order  to  obtain  a  frequency 
discrimination  pattern,  the  microwave  signal 
applied  to  mierowave  cavity  was  modulated  as 
given  by 

vMU)  ■  1  ♦  Msinvgt)  .  (16) 

Since  the  phase  shift  of  eq.(ll)  depends  on 
the  microwave  anguiar  frequency  the 

phase  of  the  transmitted  laser  light  is 
modulated  by  means  of  modulation  of  microwave 
signal.  As  a  result  of  such  an  Induced  phase 
modulation  ,  FM  sidebands  would  appear  In 
the  electric  field  of  the  transmitted  laser 
light.  It  can  be  expressed  as 


BT«(EL,(t)/2)exp(-i(wLt-)cLx))  *  C.C.  ,(17) 
where 

Ej>  Etj  jj  TqUM*quw)Jq(M)exp|iqumt)  ,(18) 

Tq  is  the  transmissivity  at  the  laser  angular 
frequency  ♦  q  «m  (q  ■  0,  il,  *2,  i3, 
the  q-th  order.  The  light  power  detected  by  a 
photodetector  Is  given  by  IT(t)  ■  c|  Ej/J 2/8*. 
If  |6| »  I $|  <<  1  and  the  laser  FM  sidebands 
up  to  the  third  order  are  retained  for 
calculations.  IT(t)  can  be  written 

IT(t)  ■  I0(A  4  Bcoswmt  ♦  Csin«rat 
*  Dcos2urat  ♦  Esin2i»mt 
>  Fcos3i.>rat  «  Gsin3wmt)  ,  (19) 


e  .  v*  2  J2,5t* 

*  T>2*2f0* *2* 

r.  * 

■ 

*  .1 » 2 1  ^ .  I  -  c  I  * 

and 

G  ■  2(-J,J2(J,j.  ’},,*«!- :2) 

♦  dgJ jt  {«'jx2'g* i\i  *  (21g) 

#„  and  *q  are  values  of  the  attenuation 
and  the  phase  shift  at  the  laser  angular 
frequency  w{>  *  ^  wn,  respectively.  The 
principal  term  of  A  of  (2la)  is  Jg2(l -2£<j), 
in  which  ( l -2Aq)  can  be  approximated  as  exp(- 
26q).  This  term  represents  the  attenuation 
of  the  laser  power  on  account  of  ®7Rb  vapor. 
The  principal  terms  of  B  and  C  of  (21b)  and 

(21c)  are  JoJl,5-l-?ll  aniJ  JoJi  ^-i  “2^0*'!'i 
In  which  U.i-Aj)  and  (P.i-2«04«1)  can  be 
approximated  as  d  £ /d  wM  and  d^/i  »n2i 
l.e.,  tho  first  derivative  of  the  absorption 
and  the  second  derivative  of  the  dispersion, 
respectively.  Figure  S  shows  the  dependences 
of  A,  B,  C,  D,  E,  F,  and  C  of  eq.(21 )  on  the 
microwavQ  frequency.  The  measured  spectral 
profile  of  A,  B,  and  c  are  shown  in  Fig. 6. 

As  the  profiles  of  0  and  C  cross  the 
abscissa  at  the  center  frequency,  thoy  can  be 
used  as  a  frequency  discriminator.  If  a 
reference  signal  for  tho  phase  sensitive 
detection  of  Fig.1  is  proportional  to 
cos(  “mt  -  u),  the  output  signal  VPSD  from 
tho  phase  sensitive  detector  is  expressed  as 

VpSD  »  V0(  (B/2)cost/  *  (C/2)sinu  J  .  (22) 


.  U'dl 

.  (2le) 


where 

c|E,f 

I0  « -  ,  (20) 

8  » 

A  =  J32( 1 -2«_3)  4  J22(1-26.2) 

4  Jl2(l-25.1)  ♦  J02(1-2fi0)  f  J12(1-2S1) 
♦  022(1-252)  4  J32(1-2«3)  ,  (21a) 

B  *  2 J J2«J3(6_346_2-62"63) 

4  000i (6-1-fii ) )  '  (2,b) 


Since  the  ratio  of  contributions  from  B  and 
C  in  oq.{22)  is  governed  by  the  phase  A  , 
several  specific  double  resonance  spectral 
lineshapes  can  be  obtained  by  adjusting  the 
value  of  u  at  several  values.  Figure  7 
(a)  and  (b)  show  the  simulated  result 
obtained  by  using  eq.(22),  where  the  values 
of  Yab',  M,  andOwere  swept  so  that  the 
lineshape  of  Fig. 7  fits  that  of  Fi^.2.  The 
conditions  of  the  present  experimental  result 
of  Fig. 2  (a)  were  given  below 

M  =  1.8  “m/Yab'=  2.3  0=  234° 

Si  =  4.3  *  10“5  (1/Hz)  ,  (23) 
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wh«r«,  Sj  it  the  slept  which  is  defined  as  a 
frequency  discrimination  sensitivity  in 
eq.(3).  It  is  seen  from  these  figures  that 
the  llneshape  is  composed  of  severs!  fine 
structures#  end  the  peak-to-pe&k  linewidth  at 
the  center  of  this  shape  is  much  narrower 
than  that  of  the  rf-exeited  87Rb  atomic  clock 
(«i.e.#  Fig. 3).  Such  a  narrower  linewidth  was 
obtained  by  utilising  the  Induced  FM 
sidebands  of  the  laser#  and  from  the 
discussion  given  above#  it  ean  be  recognised 
that  a  part  of  this  technique  is  equivalent 
to  that  of  the  FM  laser  spectroscopy! 8 K  The 
minimum  linewidth  obtained  in  the  present 
experiment  was  20  Hr  at  the  laser  power 
density  of  20.8  pw/cm2.  The  linewidth  of  20 
Hr  is  i/18  times  that  of  the  rf-exelted  87Rb 
atomic  clock  of  Fig. 3. 

Values  of  parameters  given  in  eq.(23) 
have  not  been  optimised  yet  to  gee  the 
steepest  slope.  Figure  8  shows  the  results  of 
the  dependence  of  the  slope  on  these 
parameters  calculated  to  find  the  optimal 
value  of  parameters.  Figure  9  shows  the 
dependence  of  this  maximum  value  on  the 
normalised  modulation  frequency  and  the 
modulation  index.  From  Fig. 8  and  Fig. 9#  the 
optimal  conditions  for  the  highest  microwave 
frequency  stability  are  found  as  follows 

M  «  1.2  VYab'  "  l.°  120° 

S1(MAX)  ■  K3  *  10"4  •  (24> 

It  is  seen  that  the  maximum  slope  is  3 
times  larger  than  that  of  the  present 
experimental  results  of  eq.(23)<  which  means 
that  value  of  the  slopQ  can  be  expected  by 
optimizing  the  operating  parameters  in  Fig.2 
(a). 

It  is  rather  difficult  to  utilize  the 
second  order  harmonics  D  and  E  in  frequency 
discriminators  because  they  do  not  cross  the 
absissa  at  the  center  frequency.  The  third 
order  harmonics  F  and  G«  however,  can  be 
utilized  in  it.  If  the  reference 

signal  is  cos(3  urat  -  u  ),  the  output  signal 
is 

VPSD  -  V0((f/2)cosv  +  (G/2)sint»l  .  (25) 

Figure  10  shows  tho  dependence  of  the  slope 
of  F  and  G  of  eq.(23)  on  the  modulation  and 
phase  sensitive  detection  parameters. 
Figure  11  shows  the  dependence  of  this 
maximum  value  on  tho  normalized  modulation 
frequency  and  modulation  index.  From  Fig. 10 
and  Fig.11,  the  optimal  conditions  for  the 
heighest  microwave  frequency  stability  are 
found  by  the  computer  simulation  as  follows 

M  =  3.6  Um/Yab'  =  0.5  0=270° 

S1(MAX)  =  6*1  *  10"5  <!/«*>  •  (26) 


It  was  confirmed  that  the  maximum  slope 
was  only  a  half  that  of  the  fundamental 
components  of  eq.(24).  It  is  worth  to 
mention#  however#  that  the  use  of  the  phase 
sensitive  detection  at  higher  Fourier 
frequency  is  mere  favorable  to  reduce  the 
effects  of  noise  as  long  as  the  system  is 
governed  by  flicker  noise. 

V.  bight  Shift 

The  dynamic  stark  effect  by  the  electric 
field  of  pumping  light  would  induce  the  light 
shift, l.e. ,  the  shift  in  microwave 
transition  frequency.  Sinee  this  frequency 
is  used  as  a  frequency  reference  for  87Rb 
atomic  clocks,  the  light  shift  ean  limit 
their  frequency  accuracy  as  well  as  frequency 
stability.  Precise  evaluations  of  the  light 
shift  have  been  rather  difficult  in  the 
conventional  87Rb  atomic  cloeks  because  of 
the  complicated  spectral  profile  of  the  87Kb 
lamp.  However  «  more  precise  evaluations 
can  be  carried  out  by  using  diode  lasers 
with  their  narrower  spectral  linewidth, 
which  could  be  useful  to  improve  the 
frequency  accuracy  and  the  stability  of  the 
87Rb  atomie  clocks. 

Figure  12  shows  Che  relations  between 
the  microwave  frequency  shift  (  of  the 

center  of  the  spectrum  and  tho  laser 
frequency  detuning  (  Avb)  from  the  eentor 
frequency  of  an  optical  transition  spectral 
line.  It  is  seen  that  two  curves  In  this 
figure  exhibit  clearly  dispersive  shapes, 
which  is  consistent  with  theoretical 
predictions! 18 1.  At  tho  first  glance,  it 
can  be  recongnized  that  tho  microwave 
frequency  shift  is  increased  with  increasing 
the  laser  power  density.  The  origin  point  of 
this  figure  represents  tho  resonance 
frequency  of  the  microwave  transition  which 
is  free  from  tho  light  shift.  It  means  that 
the  laser  frequency  must  bo  tuned  at  this 
point,  so  that  tho  affection  of  the  light 
shift  can  be  avoided,  for  the  improvement  of 
the  frequency  accuracy.  For  example,  in  tho 
case  of  the  curve  B  of  Fig. 12,  laser 
frequency  detuning  should  be  less  than  57  kHz 
to  get  tho  microwave  frequency  accuracy 
better  than  10-12. 

Especially,  at  tho  laser  power  density 
as  high  as  2880  pW/cm2,  the  discrimination 
patterns  suffered  light  shift  were  observed 
for  the  study  of  the  spectral  lineshape. 
Figure  13  (a)  shows  examples  of  the  frequency 
discrimination  pattern  correspond  to  several 
different  detunings  of  the  laser  frequency. 
From  this  figure,  it  is  apparent  that 
frequency  discrimination  patterns  are 
extreamly  transformed  according  as  laser 
frequency  detunings  are  far  from  zero.  Good 
coincidencses  of  the  measured  resuts  of 
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Fig. 13  (*)  and  the  calculated  results 
Fig.i3.(b)  were  obtained.  The  transformations 
of  the  amplitude  attenuation  and  the  phase 
shift  correspond  to  the  frequency 
discrimination  pattern  as  a  function  of  laser 
frequency  detuning  are  also  shown  in  Pig.i4. 
From  these  figures,  it  can  be  concluded  that 
the  dynamic  stark  effect  would  not  cause 
only  energy-level  shifts  but  also 
transformations  of  double  resonance  spectral 
lineshaoe.  Similar  results  have  been 

obtained  by  Camparo  ee  al,  but  somewhat 
different  model  was  employed  for  their 
analyslsl"l. 

The  effects  of  laser  linewidth  on 
microwave  frequency  stability  were 
theoretically  investigated  by  using  eq.(16), 
by  which  the  amplitude  attenuation  and  the 
phase  shift  are  calculated  by  the  convolution 
with  the  laser  oscillation  spectral  shape.  As 
a  result  of  It,  It  is  seen  from  Fig. IS  that 
the  slope  Is  increased  with  reducing  the 
linewidth.  However,  from  the  fact  that  the 
llnewidth  of  the  laser  used  here  is  as  broad 
as  40  MHx,  it  can  be  recognised  that  any 
remarkable  Increase  of  the  slope  can  not  be 
obtained  even  if  the  linewidth  is  reduced. 
VI.  Summary 

The  theoretical  analysis  for  a  novel  FM 
sideband  technique  was  carried  out  to  improve 
the  microwave  frequency  stability  of  the 
laser  pumped  87Rb  atomic  clocks.  Dy  using 
this  technique,  novel  double  resonance 
spectral  lineshapes  with  ultra-narrowor 
linewidth*  were  obtained.  The  minimum 
linewidth  obtained  was  20  Hx,  which  was  1/18 
times  that  of  the  rf-cxcited  87Rb  atomic 
clock. 

The  optimal  conditions  for  the 
attainment  of  tho  best  microwave  frequency 
stability  are  found  as  follows; 

M  «  1.2  wm/Tab‘.l.O  0-120°. 
provided  that  the  frequency  discrimination 
pattern  is  composed  of  fundamental 
components. 

The  laser  frequency  detuning  should  be 
less  than  57  kHz  to  attain  the  microwave 
frequency  accuracy  better  than  10“12. 
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Fig.1  Experimental  setup. 

P.S.D,  :  Phase  sensitive  detector. 

V.C.X.O.  :  Voltage  controlled 
crystal  oscillator. 

A  :  Post  -  detector  amplifier. 
um  :  Angular  frequency  of  a  low 
frequency  oscillator  for  microwave 
frequency  modulation. 

Fig.2 


VM-VRb  (kHz) 


Fig.3  An  example  of  experimentally 

obtained  llncshapo  in  rf-cxcited 
P.b  atomic  clock.  The  modulation 
frequency  was  fixed  at  160  Hz. 


Fig. 4 


Mr 

Examples  of  experimentally  obtained 
lineshapo  in  diode  laser  pumped 
Rb  atomic  clock.  The  modulation 
frequency  (  um/2«)  was  fixed  at 
160  Hz  (a)  and  200  Hx  (b). 

The  laser  power  density  was  fixed 
at  14.4  uw/cm*.  other  conditions 
were  not  expllct. 

Vpso  s  Output  voltage  from  the 
phase  sensitive  detector. 

VM  :  Microwave  frequency.  (>uM/2*) 
VR  b  !  Microwave  resonance 


I  >  Laser  Pumping 

- ~t>  Spontaneous  Emission 

Microwave  Transition 


Energy  levels  of  a  87Rb  atom 
relevant  to  the  present  study 
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oh?) 


V^“V(^  (kHz) 


VV^OcHz) 


WfttkHz) 


Fiq.S  The  dependences  of  the  quantities 
A#  l)|  L,  0,  E(  i'|  and  C  of  eq.{21) 
on  the  microwave  frequency  wM/2*. 
Other  quantities  were  fixed  at 
wm/2».1G0  H*# Y#jj*/2a«  150  lit,  and 
M«1 ,8. 


4 

~  2 

3 

o' 


CD 

-2 

-4 


M-rHib  (kHz) 


Exmaplos  of  experimentally  obtained 
quantities  A,  B,  and  C  of  cq.{21) 
as  a  function  of  the  microwave 
frequency  uH/2n.  The  modulation 
frequncy  was  fixed  at  ura/2*BlG0 
Hz. 


(c) 


o 


Si  (x  10_4Hz_1 ) 


-i  o  1 

VM-VRb  (kHz) 


-1  0  1 

VM-VRb(kHz) 


Fig. 7  Simulated  result  obtained  by  using 

eg.(19)-(22),  where  the  values  of 
Yab\  M,  and  P  were  swept  so  that 
the  lineshape  of  Fig. 7(a)  and  (b) 
fit  that  of  Fig. 2(a)  and  (b), 
respectively. 

(a) This  fitting  was  obtained  when 
Wm/Yab'“  2*3'  P»234°,  and  M«1.8. 

(b) This  fitting  was  obtained  when 
um/Yab'»  2.9#  0«270°#  and  M«l.G. 


Wm/Yab' 


Fig. 8  The  dependence  of  the  slope  of 

fundamental  components  on  the 
normalised  frequency  and  phase 
difference.  The  modulation  index 
was  fixed  at  M  ■  1.2. 


Fig. 9  The  dependence  of  the  maximum  slope 
of  fundamental  components  on 
normalized  frequency  and  modulation 
index.  The  phase  differences  were 
fixed  at  optimum  value. 


Fig. 10  The  dependence  of  the  slope  of 
third-harmonics  components  on  the 
normalized  frequency  and  phase 
difference.  The  modulation  index 
was  fixed  at  M  =  3.6. 
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slope  of  third-harmonics 
components  on  normalized  frequency 
and  modulation  index.  The  phase 
differences  were  fixed  at  optimum 
value. 


000 


1000Hz-1000 


0  1000 Hz 


Fig.12 


1 

(GHz) 


Light  shift  Avjjjj  induced  by  laser 
frequency  for  the  gas  cell  at 
4B°C.  Since  all  the  curves 
crossed  at  a  common  point,  this 
point  was  taken  as  the  origin  of 
the  axes  in  this  figure.  The  laser 
power  density  was  fixed  at  57.6 
»Wcm2(A,o)  and  ?,B80  uK/c»2(d,»). 

;  The  laser  frequency  detuning. 
(■AuL/2xB(wea.  l)/2*) 

^’rRb  :  T*,Q  microwave  resonance 
frequency  shift.  (»(wba'-*iba)/2*) 


Fig. 13  The  frequency  discrimination 
pattern  suffered  light  shift  on  the 
microwave  frequency.  (a)The 
measured  results.  (b)The  calculated 
results.  The  laser  frequency 
detuning  was  fixed 
at  2070  MHz  (A),  0  MHz  (B),  and  - 
1800  MHz  (C).  The  laser  power 
density  was  fixed  at  2880  uW/cm2. 


Wmwj*  Tfenaey  Ott> 


The  frequency  discrimination 
patterns,  th«  amplitude 
attenuation,  and  the  phase  shift  at 
various  microwave  frequencies.  The 
laser  frequency  detuning  was  fixed 
at  2500  MHx  (a),  2070  MHz  <b>, 
1200  MHz  (c),  0  MHz  (d),  -950  MHz 
(e>,  -1800  MHz  (f),  and  -2(00  MHz 

(q)  • 


Laser  Linewidth  (MHz) 


Fig. 15  The  normalized  slope  on  laser 
linewidth. 
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Susa  ary 

In  this  paper  prellainary  calculations  from  a 
three  dimensional  deck  r.odcl  are  discussed.  In 
particular  ue  have  considered  a  recent  suggestion  that 
short  tern  stability  sight  be  Improved  by  varying  the 
microwave  power.  Though  our  results  support  the 
general  conclusion,  they  shew  that  the  degree  of 
sensitivity  is  less  than  that  predicted  by  the  one 
dlaenslonal  model.  The  difference  in  the  results  of 
the  tw©  models  Is  a  nanlfostation  of  the  more  accurate 
treataent  of  the  Position  Shift  effect  in  the  three 
dlaenslonal  code..  This  axe  accurate  treataent  is 
highlighted  by  the  three  dlaenslonal  aodel's 
determination  of  laoefflcicncy  contours  (contours 
showing  spatial  regions  In  the  clock  cavity  that  have 
equal  efficiency  f.,r  producing  clock  algnal).  and 
noting  their  apalial  dependence  upon  microwave  power. 


Introduction 

Over  the  past  few  years  a  one  dlaenslonal, 
non-caplrical  model  of  the  gas  cell  atoaio  frequency 
standard  haa  been  developed  at  The  Aerospace 

Corporation.'  This  oodel  analyses  the  servo-control 
feedback  circuitry  and  the  atoalc  phynlcs  package's 
signal  Uneshape  to  yield  the  expected  frequency 
stability  of  the  atoalc  standard  design  under  study. 
The  aodel  la  one  diaenalonal  in  that  it  only  considers 
axial  variations  lm  l)  the  clock  eavlty'o  microwave 
magnetic  field  strength  and  2)  the  degree  ef  optical 
puaplng  within  the  clock's  rubldlua  (Rb)  resonance 
cell.  However,  even  with  this  dlaenslonal  Hesitation, 
the  aodel  has  proven  Itself  to  be  quite  useful  for 
analysing  potential  frequency  stability  Improvements 
resulting  froa  the  use  of  a  diode  laser  as  the  optlcsl 

pumping  light  source. 2  and  also  for  coopering  the 
potential  frequency  stabilities  of  gas  cell  standards 

baaed  on  alkalies  other  than  Rb.^  In  essence,  the  one 
dlaenslonal  clock  aodel  han  been  adequate  for 
addressing  these  questions,  because  In  these  cases  It 
Is  reasonable  to  consider  the  various  spatially 
varying  quantities  as  averages  over  the  clock  cavity's 
and  cell 'a  transverse  dlaenslons. 

However,  In  order  to  analyze  a  wider  range  of 
questions  concerning  Rb  clock  performance,  In 
particular  in  order  to  analyze  potential  mechanisms  of 
frequency  drift,  a  one  dimensional  model  Is  only 
marginally  adequate.  Specifically,  It  has  been 
suggested  that  frequency  drift  In  the  Rb  standard  nay 
result  from  a  spatial  notion  of  the  small  region  of 
vapor  In  the  clock  cavity  that  gives  rise  to  the  major 

portion  of  the  clock  signal.11  Consequently,  an 
analysis  that  averaged  va  lous  quantities  over  the 
transverse  dimensions  of  the  clock  cavity  and 
resonance  cell  would  bo  unable  to  investigate  this 
hypothesis.  A  three  dimensional  model  of  the  gas  cell 
atomic  frequency  standard  Is  therefore  required  In 
order  to  properly  examine  the  plausl bitty  of  this 
"Position  Shift"  mechanism  as  a  contributor  to 
frequency  drift. 


The  Three  Dimensional  Model 

To  create  a  three  dlaenslonal  aodel  of  the  gaa 
cell  atomic  frequency  standard,  we  consider  the  clock 
cavity  to  be  composed  of  hundreds  of  lubea  (mlnlaally 
6*09)  as  shown  in  Fig.  la,  each  of  which  can  be 
■loser i ted  by  our  one  dlaenslonal  aodel ;  at  present  we 
consider  only  cylindrical  TEgn  and  T£u,  alcrowave 

cavity  nodes,  though  other  spatial  configurations 
could  be  coddled  without  auch  difficulty.  As  shown 
In  Fig.  lb  the  transverse  distribution  of  hyperfine 
polarization  is  approxlaated  by  considering  only  the 

first  order  radial  diffusion  aode,^  and  this  Is 
Included  In  the  aodel  by  superlaposlng  this 
distribution  on  the  microscopic  solutions  aa 

previously  discussed,1  for  aimpilcity  we  have  assuacd 
in  'll  calculations  that  the  optical  puaplng  light  la 
uniform  in  the  transverse  dlaenslons. 


Fig.  l.  (a)  In  order  to  construct  a  three  dimensional 
model  of  the  gas  cell  atomic  clock  we  imagine  the 
resonance  cell  aa  being  composed  of  hundreds  of  tubes, 
each  of  which  can  be  described  by  a  one  dimensional 
clock  model.  (b)  Here  we  show  the  radial  distribu¬ 
tions  of  both  the  hyperflne  polarization  and  the 
absolute  value  of  the  microwave  magnetic  field  for  a 
TEon  cavity  mode.  The  radial  distribution  of 

hyperflne  polarization  results  from  dlffuslonal 
relaxation,  and  we  consider  only  the  first  order 
radial  diffusion  mode.  The  cusp  In  the  microwave 
magnetic  field  strength  corresponds  to  a  180  degree 
phase  shift  In  the  field. 


Since  dlffuslonal  relaxation  Is  now  included  in 
the  calculations  by  considering  the  full  three 
dimensional  hyperflne  polarization  distribution  that 
results  from  this  relaxation  mechanism,  phenooenologi- 
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cal  diffusions!  relaxation  rates  are  no  looser 

required  in  the  microscopic  calculations.'  For  each 
tube  the  normalised  stimulating  mcro»ave  magnetic 
field,  which  corresponds  to  e  normalized  microwave 
Rsbi  frequency,  is  determined  by  the  transverse 
position  of  the  tube  in  the  cavity  and  the  cavity  node 
under  consideration  (see  Fig.  ib).  The  normalising 
constant  is  determined  by  the  cavity  Q  and  the 
microwave  power  fed  into  the  cavity  node. 
Consequently,  the  dependence  of  the  clock  signal  on 
nicrowave  field  strength  is  expressed  simply  in  terns 
oft  l)  the  csvity  node,  2)  the  cavity  Q  and  3)  the 
Input  nicrowave  power. 


Dependence  of  Short  Tern  Stability 
on  Hi'.rowave  Tower 


Recently,  there  has  teen  dlscusalon  In  the 
literature  regarding  the  dependence  of  the  fib  clocks 

short  tern  stability  en  nlcrewave  power.1 • 6  In 
particular,  in  previous  caiculatiena  it  was  shown  that 

for  clock  designs  similar  to  that  of  williams  et  al.,7 
which  arc  well  described  by  a  one  dimensional  clock 
model,  the  short  term  stability  of  the  standard  should 
be  a  fairly  sensitive  function  of  the  microwave  power 

P  fed  into  the  clock  cavity.’  Qualitatively,  this  car. 
be  underatood  fro*  ins  fact  that  the  short  term 

stability  t*f  Use  standard  ia  shut  noise  limited.® 
which  allows  writing) 


Here,  oy  Is  the  square  root  of  the  Allan  variance 

(henceforth  we  refer  to  this  quantity  as  the  Allan 
deviation),  Av  is  the  full  width  of  the  atomic 
hype-fine  resonance  and  5  ia  the  atonic  resonance 
signal  amplitude.  For  a  single  aten,  or  equivalently 
an  ensenblo  of  atoms  all  experiencing  the  aaae 
microwave  nagnetlc  field  strength  (in  other  words  for 
a  clock  cavity  with  no  spatial  field  variation), 
relatively  aimple  expression-*  relating  signs’ 
amplitude  and  width  to  nlcrewave  power  may  be 

derived.^  Considering  flrat  the  regine  of  low 
nicrowave  power  <belov  saturation^  5  increases 
linearly  with  the  nicrowave  power,  and  Av  ia 
constant.  Thus,  in  this  regime  the  Allan  deviation  is 
inversely  proportional  to  P.  However,  in  the  regime 
of  high  microwave  power  (saturation  regime)  S  is 
constant  and  Av  increases  like  the  square  root  of  the 
nicrowave  power.  As  evidence  indicates  that  gas  rell 

clocks  tend  to  be  operated  !n  the  saturation  1-68100, 10 
one  would  expect  that  for  clock  cavities  exhibiting 
relatively  little  spatial  variation  of  the  nicrowave 
field. 


Consequently,  if  a  clock's  norosl  operating  paint  was 
at  a  nicrowave  power  level  well  into  the  saturation 
regime,  then  improvement  in  the  short  term  stability 
of  the  clock  could  bo  attained  by  simply  reducing  the 
microwave  pawer  to  the  level  corresponding  to  the 
onset  of  saturation. 

Typical  clock  cavities,  however,  have  fields 
which  show  considerable  variation  ovw  the  cavity 
volume.  Consequently,  since  the  atoms  are  effectively 
frozen  in  place  by  the  buffer  gas  during  the  time 

Intervals  over  which  the  clock  signal  is  generated,” 
atoms  in  different  regions  of  the  clock's  cavity 


experience  different  levels  of  nicrowave  field 
strength  depending  on  the  clock's  cavity  mode.  This 
then  Implies  that  atcea  In  different  regions  of  the 
cavity  reach  the  saturation  regime  at  different  levels 
of  nicrowave  cavity  input  power.  Since  the  clock 
signal  is  essentially  a  sum  over  all  of  the  individual 
atonic  signals,  the  clock  signal  can  be  expected  to 
have  a  fairly  complicated  dependence  on  the  nicrowave 
power  fed  Into  the  cavity. 

An  example  of  thla  dependence  as  predicted  by  our 
three  dimensional  clock  model  la  preaented  In  Fig.  *, 
which  shows  the  Allan  deviation  at  one  second  nr  a 
function  of  microwave  cavity  input  power.  in  this 
specific  example  w«  have  considered  a  minimum  vr.iuae, 
cyllndrlral  TEq,,  cavity  with  a  Q  of  100;  other 

parameters  used  In  the  calculations  of  this  paper  arc 
collected  In  Table  1.  Additionally,  Figs.  3a  and  3b 


vcp; .'.v.t  r-o.'.ik.t  -i 


Fig.  2.  For  a  TEon  cavity  node  the  figure  ahowa  the 

log  of  the  Allan  deviation  as  a  function  of  the 
nicrowave  power  fed  into  a  cavity  uith  a  Q  of  100. 
For  both  low  and  high  nicrowave  powers  the  numerical 
data  is  fit  to  a  power  law  in  order  to  determine  the 
coefficients  shown  in  the  figure.  Mote  that  at  the 
highest  nlcrpvave  power  (roughly  10  dbn)  there  seems 
to  be  a  break  in  the  power  law  acaltng.  a  poaalb.e 
explanation  for  this  effect  la  suggested  In  the  text. 


Table  1. 

Miscellaneous  parameters  used  in  the 
clock  model  calculations  (sec  Ref.  1). 

Parameter  Value 

Optical  llnewioth  2.0  GHz 

Cell  temperature  60*  C 

Photocell  response  0.5  A/W 

Cavity  Q  100 

Optical  power  (D, )  k 7  wW 

Optical  power  (Dj>)  75  pH 


show  the  theoretical  clock  signal  anplitudea  and  full 
widths,  respectively,  as  a  function  of  microwave  power 
for  this  same  easo.  Curves  similar  to  those  shown 
were  obtained  for  the  TEq,,  cavity  for  various  optical 

pumping  light  Intensities  and  resonance  coll  tempera¬ 
tures.  Additionally,  Moilar  calculations  were 
performed  for  a  minimum  volume  TE, , ,  cavity,  and  a 

fictitious,  "constant",  TEq, ,  cavity  which  wa3  taken 
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FI k*  3-  For  l he  awe  calculation  as  Fife.  2,  we  show 
the  lot  of  both  the  clock  signal  and  the  full  width  at 
hilf-maxlaum  (A v)  aa  a  function  of  microwave  power. 
Again  the  numerical  data  arc  fit  to  power  lawa  In 
order  to  determine  the  exponents  shown  In  the  figure. 


aa  having  no  radial  variation  of  microwave  field 
strength  (this  cavity  did,  however,  have  the  noraal 
axial  field  variation). 

In  order  to  better  understand  the  Allan 

deviation's  dependence  on  nlcrowave  power,  the 

nueerlcal  data  for  the  Allan  deviation,  the  total 
signal  wplltudo  (!.«.,  the  signal  sussed  over  all 
lubes)  and  the  total  signal  linewldth  are  fit  to 
staple  power  law  formulas: 

Oy  -  (3a) 

S  -  Pe  (3b) 


Av  -  PY  (3c) 

The  goal  of  this  exercise  Is  to  deternlno  the  power 
law  exponents,  and  to  ccnpare  then  against  the 
single-atoa  case.  For  the  range  of  parameters 
considered,  we  find  no  strong  dependence  of  these 
exponents  on  either  cavity  teaporature  or  optical 
punping  light  Intensity.  The  exponents  do  appear  to 
be  a  sensitive  function  of  the  cavity  node,  and  these 
results  are  collected  In  Table  II. 

It  Is  clear  from  the  table  that  the  Allan 
deviation's  microwave  power  sensitivity  is  directly 
correlated  with  the  microwave  power  dependence  of  the 


clock  signal  amplitude  and  linewldth.  In  the  low 
microwave  power  regime  the  linewldth  Is  eaaentlally 
constant,  and  variations  in  the  Allan  deviation  are 
dominated  by  changea  In  the  signal  amplitude.  The 
signal  amplitude,  and  aa  a  consequence  the  Allan 
deviation,  displays  essentially  no  difference  in  the 
power  law  scaling  for  the  various  field  geometries 
considered.  Specifically,  the  results  show  nearly  the 
same  linear  power  dependence  aa  the  simple  single-atom 
case  discussed  above.  Evidently,  the  clock  signal 
amplitude  is  fairly  insensitive  to  the  geometry  or  the 
exciting  microwave  field.  In  the  saturation  regime, 
however,  where  the  signal  amplitude  has  eaaentlally 
attained  Its  maximum  value  and  variations  in  the  Allan 
deviation  result  from  changes  in  the  signal  linewldth, 
the  various  cavity  modes  result  In  different  Allan 
deviation  power  law  exponents.  Furthermore,  It 
appears  that  as  one  allows  the  field  to  vary  over  an 
increasing  number  of  spatial  dimensions,  the  microwave 
power  sensitivity  of  the  signal  linewldth  decreases. 
This  result  can  be  explained  by  a  correlation  between 
the  linewldth  power  law  exponent  and  the  number  of 
degrees  of  freedom  associated  with  the  spatial 
movement  of  the  signal  dominating  region.  For 
example,  a  completely  homogeneous  field  can  be  said  to 
have  no  degrees  of  freedom,  whereas  the  field  of  the 
T£qj|  mode  can  be  said  to  have  two  degrees  of  freedom 

which  are  associated  with  movement  both  axially  and 
radially.  As  evidenced  by  the  results  for  the  T£01, 

and  TE|j]  cavity  modes  there  might  be  some  objection 

to  the  general  validity  of  this  statement,  since  the 
TC|u  mrde  has  an  additional  angular  rield  variation, 

yet  shows  the  same  signal  linewldth  power  law  scaling 
as  the  TEqu  mode.  However,  ss  will  be  discusssed  in 

the  fourth  section,  for  the  T£,,,  mode  the  transverse 

movement  of  the  spatial  region  that  dominates  the 
clock  signal  Is  limited  to  the  radial  direction. 
Thus,  even  though  the  field  of  the  TE,n  mode  varies 

angularly,  the  spatial  region  which  dominates  the 
clock  signal  does  not  take  advantage  of  the  added 
degree  of  freedom. 

As  a  final  point  we  note  that  Fig.  Z  shows  a 
break  in  the  power  law  scaling  of  the  Allan  deviation 
at  approximately  10  dbm,  which  is  reflected  In  the 
linewldth  data  of  Fig  3b.  It  appears  that  at  these 
high  microwave  power  levels  the  power  law  exponent 
Increases  tc  a  value  near  0.4.  A  similar  break  at 
high  microwave  power  levels  was  also  seen  In  the  TE|j| 

mode  calculations.  Tentatively,  we  attribute  this 
Increase  In  the  power  law  exponent  to  a  spatial 
saturation  of  the  clock  signal  dominating  region,  that 
is  the  region  that  dominates  the  clock  signal  may  not 
move  very  much  for  these  high  microwave  powers. 
Consequently,  the  power  law  sesling  takes  on  more  of 
the  chsracterisltlcs  of  the  constant  field  case. 
Further  calculations,  however,  need  to  be  performed  In 
order  to  substantiate  this  hypothesis. 

The  results  free  these  calculations  thus  support 
the  general  conclusion  that  short  term  stability  can 
bo  Improved  by  varying  the  nlcrowave  power  fed  Into 
the  cavity.  Specifically,  since  clock  signal 
aaplltudes  are  maximised  with  operation  In  the 
saturation  regime,  It  Is  likely  that  for  a  typical 
clock  one  would  want  to  reduce  the  microwave  power  to 
the  point  where  saturation  had  Just  set  In.  The 
results,  however,  show  that  In  the  saturation  regime 
the  short  tern  stability  is  less  sensitive  to 

nlcrowave  power  than  had  been  previously  calculated;1 
this  is  due  to  the  more  accurate  treatment  of  the 
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Table  XI.  . 

Exponents  for  the  power  law  formulas:  o -P1*,  S  -PB  and 
Av-PT  (sat.  •  saturation  regime,  baal.  *  below  aaturatlon  regime). 


Field  Distribution 

a(bsat.) 

a(aat.) 

A (baal  .1 

Y(sat.) 

Completely  homogeneous 
(single-atom  case) 

-1.00 

o.so 

1.00 

0.50 

TE0)1  "flotitous" 

(no  radial  variation) 

-0.93 

0.R5 

0.93 

0.k3 

TEon  mode 

-0.93 

0.20 

0.9k 

0.22 

TEquj  mode 

-0.9k 

0.18 

0.98 

0.22 

microwave  field  variation  In  the  three  dimensional 
model.  Consequently,  order  of  magnitude  changes  In 
the  microwave  power  might  be  required  before  any 
appreciable  change  In  the  short  term  stability  could 
be  detected. 


Inhoaogenelty  and  Position  Shift 
or  the  Clock  signal  Volume 

As  discussed  above,  In  the  typical  gas  cell 
standard  a  buffer  gas  (n  the  clock's  resonance  cell 
effectively  freezes  the  atoms  in  place.  Therefore, 
Individual  atoms  experience  different  optical  and 
microwave  field  strengths,  and  hence  contribute  to  the 
total  clock  slgnsl  to  varying  degrees.  Consequently, 
It  la  common  to  imagine  the  clock  signal  aa  being 
dominated  by  a  small  spatial  region  In  the  resonance 
cell  (l.e.,  the  resonance  cell  volume  Is  Inhomogeneous 
with  regard  to  Its  efficiency  In  producing  clock 
signal),  and  for  the  clock  resonance  frequency  to  be 
dominated  by  the  perturbations  experienced  by  the 
atoms  In  this  localized  region.  If  clock  parameters 
were  to  change  In  such  a  way  as  to  shift  the  position 
of  this  dominant  region,  then  the  possibly  different 
local  perturbations  of  the  new  region  would  result  in 
a  change  in  clock  frequency.  This  Is  referred  to  as 

the  Posltlon-ihlft  effect, which  Is  considered  to  be 
a  likely  cause  of  frequency  drift  In  the  Rb  standard.11 

In  order  to  better  understand  this  phenomenon, 
and  also  to  prepare  for  a  theoretical  investigation  of 
the  viability  of  the  Position  Shift  as  a  mechanism  or 
frequency  drift,  we  have  used  the  three  dimensional 
clock  model  to  map  out  the  regions  In  the  clock  cavity 
which  show  different  degrees  of  efficiency  for 
producing  clock  signal.  As  illustrated  In  Fig.  la, 
the  clock  cavity  Is  Imagined  as  being  composed  of 
hundreds  of  tubes:  each  tube  transmits  some  small 
fraction  of  the  total  optical  power  reaching  the  clock 
photocell,  and  contributes  to  the  total  clock  signal 
according  to  the  change  in  optical  power  transmitted 
by  the  tube  as  the  microwave  frequency  Is  varied. 
Since  In  our  model  different  tubes  can  have  different 
cross  sectional  areas,  the  efficiency  of  the  various 
tubes  In  producing  clock  signal  Is  compared  by 
examining  an  Individual  tube's  change  In  optical 
Intensity  (power  per  area).  Tubes  that  produce  the 
same  light  Intensity  change  as  the  microwave  frequency 
Is  varied  are  then  said  to  be  "isoefficlent",  and  in 
this  way  we  have  been  able  to  establish  isoefflolency 
contours  for  producing  clock  signal. 

Figure  k  Is  an  example  of  these  IsoefflcJency 
contours  for  a  cross  sectional  slice  of  a  TE,,, 

microwave  cavity  excited  by  -50  dbo  (cavity  Q«100). 


0-Ov 


0-90* 


Fig.  k.  This  figure  shows  a  cross  sectional  slice  of 
a  TE, ,,  cavity  mode  excited  by  -50  dba  (Q-100).  The 

contours  are  termed  Isoefflolency  contours,  since  they 
correspond  to  regions  In  the  clock  cavity  which 
exhibit  the  same  efficiency  for  producing  clock 
signal.  The  region  bounded  by  the  Innermost  contour 
Is  the  90th  percentile  region  for  efficiently 
producing  clock  signal  as  discussed  In  the  text. 
Essentially,  the  90th  percentile  region  Is  more 
efficient  than  the  50th  percentile  region  In  producing 
clock  signal,  which  In  turn  is  more  efficient  than  the 
10th  percentile  region. 

The  region  bounded  by  the  innermost  contour 
corresponds  to  the  90th  percentile  efficiency  region 
(l.e.,  tubes  within  this  region  exhibit  a  transmitted 
intensity  change  that  Is  greater  than  or  equal  to  90| 
of  the  Intensity  change  exhibited  by  the  most 
efficient  tube),  the  region  bounded  the  middle  contour 
corresponds  to  the  50th  percentile  efficiency  region, 
and  the  outermost  contour  corresponds  to  the  10th 
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percentile  efficiency  region.  Other  quantities  assoc¬ 
iated  with  these  contours  are  collected  In  Table  111. 
In  particular,  the  table  shows  that  over  (01  of  the 
clock  signal  ceaea  froa  roughly  only  a  quarter  of  the 
cavity  voluae. 


Table  Ill. 

Characteristics  of  regions  bounded 
by  laseff Iclency  contours. 


Fractional 

contribution  Fractional  cavity 
Region  to  total  signal  voluae  occupied 


90th  percentile  lk.l  1 
SOlh  percentile  £2.8  1 
10th  percentile  96.8  1 


#.5  1 
26.3  ) 
66.0  1 


In  actuality  this  60)  of  total  clock  signal  Is 
coning  froa  less  than  25)  of  the  cavity  volinc,  since 
not  all  axial  regions  of  the  cavity  contribute  tc  the 
clock  signal  to  the  sane  degree.  The  axial  variation 
of  the  signal  producing  efficiency  Is  Included  In  the 
calculations  by  nodelllng  the  axial  distribution  of 
hyperflno  polarisation  and  the  axial  variation  of  the 
microwave  magnetic  field  strength,  and  then 
ninerlcally  integrating  the  iranaaltlod  light 
Intensity  over  the  length  of  the  resonance  cell.  The 
result  of  the  nuaerlcal  Integration  Is  a  significant 
laproveaent  In  the  speed  of  the  calculations. 
Slnultaneously,  however,  there  Is  a  reduction  In  the 
facility  with  which  spatial  Inforaatlon  In  the  axial 
dlaenslon  nay  be  obtained.  Consequently,  at  the 
present  line  uo  can  only  say  that  the  25)  Is  an  upper 
bound  to  the  voluae,  though  we  do  not  expect  Its  true 
value  to  differ  by  norc  than  about  a  Tactor  of  two. 

Considering  the  lnhocogeneous  nature  of  the 
signal  voluae  discussed  above,  and  how  one  typically 
Inaglnes  the  clock  signal  ns  being  doainated  by  a 
snail  spatial  region  within  the  clock  cavity,  we  ace 
that  while  the  three  dlnonslonal  codol  provides  soae 
Justification  for  this  simple  description,  It  Coes  not 
ccaplotoly  valldato  It.  The  nodel  doos  show  that  the 
clock  signal  derives  Tron  a  localised  spatial  region 
within  the  clock  cavity,  but  it  also  shows  that  this 
apatlal  region  corresponds  to  a  non-ncgl Igable 
fraction  or  the  cavity  volume.  With  the  staple 
description  of  the  signs’  voluae  as  being  doainated  by 
a  snail  region,  there  Is  the  iaplicatlon  that  the 
perturbations  dotcralnlng  the  clock's  frequency  are 
fairly  well  localised;  this,  however,  Is  not 
substantiated  by  the  three  dleonsional  nodel. 
Considering  Fig.  R  and  Table  III  It  Is  aoro  accurate 
to  stato  that  tho  clock's  frequency  offset  froa  soae 
nominal  frequency  corresponds  to  a  weighted  average  of 
perturbations  over  a  fraction  of  tho  cavity  volume. 

Tho  lsoefflclency  contours  can  also  bo  used  to 
Illustrate  tho  fashion  In  which  the  Position  Shift 
effect  occurs.  Fig. 5  shows  90)  percentile 
lsoefflclency  contours  for  Input  nlcrowave  powers  of 
-50  dba,  -30dba  and  -lOdba.  Note  that  as  the 
nlcrowave  power  Is  Increased  the  90)  percentile 
lsoefflclency  contour  shows  a  macroscopic  change  In 
Its  position  In  the  cavity,  moving  to  the  central 
region  of  the  cavity  where  tho  hyperflne  polarization 
Is  largest.  If  the  atoms  In  these  spatial  regions 
were  perturbed  to  different  degrees,  then  there  would 
be  an  atoale  clock  frequency  change.  Consequently, 
once  the  three  dimensional  model  Incorporates 
spatially  varying  perturbations  (e.g.,  static  magnetic 
fields  with  gradients),  It  should  be  possible  to 
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Pig.  5.  In  order  to  demonstrate  the  model's 
capabilities  for  analyzing  the  Position-Shift  effect, 
the  figure  shows  a  cross  sectional  slice  of  a  TS,n 

cavity  mode  0-100),  and  the  90lh  percentile 
efficiency  reg  ons  as  the  microwave  power  exciting  the 
cavity  la  varied.  As  the  mlcrowsve  power  is  increased 
the  90t  percentile  region  shifts  towards  the  center 
of  the  cavity.  If  the  atoas  in  these  different 
regions  experienced  different  per  tur  oat  ions  u.e., 
different  static  magnetic  field  strengths),  then  the 
clock  frequency  would  shift. 


launch  a  comprehensive  theoretical  investigation  into 
tho  Position  Shift  effect.  Such  an  investigation 
would  serve  the  purpose  of  guiding  experimental 
t esoarch  Into  drift,  thus  making  tno  experimental 
effort  more  efficient. 


Summary 

Wo  have  developed  a  three  dimensional  model  of 
the  gas  cell  atomic  frequency  standard  based  on  our 
previous  one  dimensional  clock  model,  and  we  aru  in 
the  process  of  exploring  Its  capabilities.  Results 
presented  here  show  that  the  Allan  deviation's 
dependence  on  microwave  power  can  be  reasonably  wen 
modelled  by  power  law  formulas  bath  below  and  above 
the  clock  signal  saturation  regime.  Additionally, 
lsoefflclency  contours  can  be  calculated  and  used  to 
examine  the  change  In  position  of  the  clock  signal 
volume  within  the  microwave  cavity.  In  the  near 
future  we  plan  to  incorporate  spatially  varying 
perturbations  to  the  microscopic  signals,  and  in  this 
way  to  calculate  atomic  clock  frequency  shifts. 


40 


Acknawlcdseacnta 

This  work  was  supported  by  the  United  States  Air 
Force  Space  Division  under  contract  No.  FC970i-b5*C- 
0086. 


References 

1.  J.  C.  Caaparo  and  R.  I*.  Fruehols,  "A  noncaplrical 
node!  of  the  gas-cell  atonic  frequency  standard,"  J. 
Appl.  Phya.  59(2),  301  (1986). 

2.  J.  C.  Caaparo  and  R.  P.  Fruehols,  "Fundaaenlal 

stability  llalta  for  the  dtodc-laser-puaped  rubidlua 
atoalc  frequency  standard,"  J.  Appl.  Phya.  59(10), 
33*3  0  996).  ~ 

3.  J.  C.  Caaparo  and  R.  P.  Fruehol  .  .  c  parlssn 

of  various  alkali  gas  cell  utet  frequency 

standards,"  to  be  published  IEEE  Trans.  tin.  Ferre, 
and  Freq.  Control i  Kay  1987. 

9.  J.  C.  Caaparo,  "A  partial  analysis  of  drift  In 

the  rubidlua  gas  cell  atoalc  frequency  standard," 

Proc.  18th  Annual  Preclso  Tlae  and  Tl«o  Interval 
(FTT1)  Applications  and  Planning  Heeling,  1986. 

5.  P.  Hlngussl ,  F.  r. trial  a  and  P.  Vlolino, 

"Teaperaturo  effects  in  the  relaxation  of  optically 
oriented  alkali  vapors,"  Nuovo  Clacnto  D  96(2),  195 
0  965).  “* 

6.  P.  Treablay,  H.  Cyr  and  H.  Tctu,  "Puaplng  light 

Intensity  transaltted  through  an  Inhcaogcneously 
broadened  line  systeat  application  to  passive  rubidlua 
frequency  standards,"  Can.  J.  Phya.  6302),  1563 

0935). 


7.  H.  E.  Will  Isas,  T.  H.  Kwon  and  T.  McClelland, 
"Con pact  rectangular  cavity  for  rubidlua  vapor  cell 
frequency  standards,"  Proc.  37lh  Freq.  Control  Cynp. 
(IEEE  Press,  How  fork,  1993)  pg.  12. 

®‘  Vanler  and  t.-G.  f>ernier,  "On  the 

atgnal-lo-nolso  ratio  and  short-tern  stability  of 
passive  rubidlua  frequency  standards,"  I  FEE  Trans. 
Ins  true.  Maas.  1H-3CK9),  277  0931). 

9.  T.  HcClelland,  L.  K.  Us  and  T.  M.  Kwon. 
"Ancaaious  narrowing  of  aagnetl  e-resonance  llneuidths 
In  optically  puaped  alkali-seta)  vapors,"  Phys.  Rev.  a 
21(3).  1697  0936). 

10.  5ee  for  exaaple  the  results  1m  I.  Hatauda,  N. 

Kurasochl,  N.  Shlcal  and  11.  Fukuyo,  "Signal  intensity 
characteristics  of  the  8?Rb  double  resonance  due  to 
the  puaplng  light,"  Jap.  J.  Appl.  Phys.  16(3).  39t 
0977).  ™ 

11.  R.  P.  Fruohols  and  J.  C.  Caaparo,  "Microwave 

field  .strength  aeasureaent  In  a  rubidlua  clack  cavity 
via  adiabatic  rapid  passage,"  J.  Appl.  Phys.  57(3), 
709  0995).  ” 

12.  A.  Rlstcy  and  0.  Busca,  "Effect  of  line 
Inhoaogenolty  on  the  frequency  of  passive  Rb87 
frequency  standards."  Proc.  32nd  Annual  Syaposlua  on 
Frequency  Control  (Electronics  Industries  assoc., 
Washington  D.C.,  1978)  pp.  506-513:  A.  Risley,  S. 
Jarvis  and  J.  Vanler,  "The  dependence  of  frequency 
upon  aicrowave  power  of  wall-coated  and 
buffer-gas-f tiled  gas  cell  Rb87  frequency  standards," 
J.  Appl.  Phys.  5U9),  9571  0990). 


41 


-Hat  Annual  frequency  Control  Symposium  "  1987 


STUDY  OF  SEVERAL  ERROR  SOURCES  IN  A  LASER  RAMAN  CLOCK 
P.R.  Hommor*.  V.D.  Nntoli,  M.S.  Shahriar.  B.  Bornacki*. 

H.  Lomola-Rivora,  S.P.  Smith  and  S.  Ezoklol 
Rosoarch  Laboratory  ol  Electronics 
Massachusetts  Institute  ol  Technology 
Cambridge.  MA02t3D 


Absiiflcl 

Wo  aro  Investigating  tho  development  ol  a  cesium  clock 
using  a  laser  excited  rosonanco  Raman  Interaction  in  place 
ol  direct  mlcrowavo  excitation.  Such  a  scheme,  employing 
only  semiconductor  lasor  excitation  and  exploiting  fiber  optic 
and  Integrated  optic  technology  together  with  a  simple 
atomic  beam  design,  may  lead  to  tho  development  ol 
smallor,  lighter  and  porhaps  cheaper  atomic  clocks.  So  far, 
wo  have  boon  studying  a  sodium  Raman  clock  which 
consists  ol  a  sodium  atomic  boom,  a  dyo  lasor.  and  an 
acousto-optic  frequency  shlltor.  used  lor  tho  generation  ol 
tho  second  laser  Iroquoncy.  Rocont  porformanco  showed  a 
stability  ol  1  x  10'11  lor  a  5000  socond  averaging  timo.  This 
comparos  favorably  with  commercial  cesium  clocks,  when 
dilforonco  In  atom  transit  timo  and  transition  Iroquoncy  aro 
taken  Into  consideration.  In  this  paper,  wo  describe  tho 
results  ol  a  study  of  long  torm  orror  sources  uniquo  to  tho 
Raman  clock,  which  includo:  lasor  beam  misalignment 
elfects,  errors  caused  by  tho  lasor  Iroquoncy  being  slightly 
oll-resonanco  with  tho  Intermediate  stato,  laser  intensity 
elfects,  and  so  on. 

J,  Introduction-and  Background 

Wo  have  been  investigating  tho  performance  ol  a  clock 
based  on  laser  induced  rosonanco  Raman  transition  in  an 
atomic  beam  to  determine  tho  feasibility  ol  such  a  scheme 
and  to  demonstrate  any  possible  advantages  over 
conventional  microwave  excited  clocks.  Although  we  have 
been  conducting  our  experiments  so  far  using  a  sodium 
atomic  beam  and  dye  lasers,  this  Raman  technique  is  also 
applicable  to  a  cesium  atomic  beam  employing 
semiconductor  laser  excitation  and  may  lead  to  tho 
development  ol  smaller,  lighter  and  less  expensive  cesium 
beam  clocks.  Among  the  advantages  ol  such  a  ciock  over  a 
conventional  cesium  clock  are  the  absence  ol  state  selection 
magnets  and  a  microwave  cavity,  and  that  ail  alignments  can 
be  made  using  optics  external  to  the  vacuum  system. 
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The  stimulated  resonanco  Raman  interaction  is 
illustrated  using  the  three  level  system  in  Fig.  1  (a).  Briefly, 
Raman  transitions  are  induced  between  states  1  and  3  using 
two  laser  fields,  at  frequencies  «,  and  w2,  simultaneously 

resonant  with  the  intermediate  state  2.  Earlier  studies  |t  ,2j 
show  that,  lor  copropac  at.ng  laser  fields  .nteract.ng  with  an 
atomic  beam  at  right  argles,  the  Raman  Imewidth  is 
determined  by  the  widths  ol  states  1  and  3  only.  State  2 
greatly  enhances  the  transition  probability,  but  does  not 
contribute  to  the  linewidth.  Thus,  lor  long  lived  states  1  and 
3,  the  Raman  linewidth  becomes  transit  time  limited,  iust  as 
lor  direct  microwave  excitation. 


■  Rome  Air  Development  Center, 
Hanscom  AFB,  Bedford,  MA  01731 


CH24 27-3/87/0000-04 2  §1.00  C  1987IEEE 


42 


To  obtain  a  very  small  transit  timo  linowidth  wo  uso 
Ramsey's  method  ol  soparatod  oscillatory  Holds  (3).  os 
(llustratod  in  Fig.  1(b).  in  analogy  with  conventional 
mtcrowavo  techniques.  In  separated  Hold  excitation,  tho 
atom-field  superposition  statos.  excited  m  zones  A  and  B  by 
tho  two-photon  Raman  interaction,  interfere  quantum 
mechanically.  Thus,  tho  resulting  intorforonco  fnngos,  os  in 
tho  microwave  caso.  havo  frequency  spaemgs  which  aro 
charnctonstic  of  tho  transit  timo  between  tho  interaction 
zonos. 

UJEaflcrtoigntaLSsluo 

Tho  experimental  setup  (4.5)  used  to  demonstrate 
Raman  clock  applications  Is  illustrated  in  Ftg  2  Tho  lasor  at 
frequency  w,  is  obtoinod  from  a  smgio  modo  dyo  lasor 
locked  to  the  sodium  D,  transition,  using  fluorescence  from 
tho  atomic  boam.  Tho  lasor  fiold  at  froquoncy  «a  is 
gonoratod  directly  from  that  at  w,  by  an  acousto-optic 
froquoncy  shifter,  driven  by  a  quartz  stobilizod  microwavo 
oscillator  near  tho  1772  MHz  sodium  hypotfino  transition 
froquoncy.  This  greatly  roducos  tho  effects  of  lasor  |ittor  by 
correlating  tho  frequency  jitters  (2)  of  «,  and  <<i2  so  as  to 
produco  a  highly  stabto  dilforonco  froquoncy.  After  leaving 
tho  A/O,  tho  lasor  beams  at  «,  and  m2  aro  combined  in  a 
singlo  modo  fiber,  to  onsuro  copropagation,  boforo  exciting 
tho  atomic  boam  at  tho  two  interaction  zonos,  labeled  A  and 
B  in  Fig.  2. 

A  magnetic  fiolo  is  applied  oxtornaliy  to  separate  out  tho 
different  m-lovels  and  right  circularly  polanzod  light  is  used. 
Tho  m»0  and  Am-0  Raman  transition  is  then  selected  so  that 
the  clock  froquoncy  be  Insensitive  to  external  magnetic  field 
variations  to  first  ordor. 


Ftq.  2 

Schematic  of  the  experimental  Raman  clocl. 
setup. 


Typical  Raman/Ramsoy  fringes  appear  in  Fig.  3(a). 
Thoso  fringos  aro  obsorvod  by  monitoring  tho  fluorosconco 
induced  in  zono  B  whilo  scanning  tho  microwavo  froquoncy 
with  w,  locked  to  tho  D,  transition  Tho  contm'  iringo  has  a 
width  ol  about  2.6  KHz  (FYVHM)  which  is  consistont  with  tho 
transit  time  for  tho  1 S  cm  intorauhon  zono  separation 

To  stabilize  tho  froquoncy  of  a  microwavo  oscillator  to 
me  central  tnngo  in  Fig.  3ia),  a  discriminant  ,$  noedod  This 
discriminant,  shown  in  Fig.  3(b),  Is  obtained  by  froquoncy 
modulating  tho  microwavo  sourco  at  a  rate  fm  ■  610  Hz  and 
domodulating  tho  zono  B  fluorosconco  signal  with  a  lock-in 
amplifier.  Tho  output  of  tho  lock-in  amplifier  is  then  used  in  a 
foodback  loop  to  hold  tho  microwavo  oscillator  froquoncy  at 
tho  central  zoro  of  tho  discommon!.  Tho  stability  of  this 
oscillator  is  measured  by  comparing  it  with  a  commercial 
rubidium  clock. 
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Ul  typical  Raman /Ramsey  fringe  llnwshape 
fur  a  IS  cm  interaction  zone 
separation. 

Photomultiplier  photocathodfr  current 
levels  as  shown. 

(b>  Oiscnminant  obtained  using  frequency 
modul at i on. 


III.  Clock  Performance 

Figure  4  shows  a  plot  of  tho  measured  fractional 
frequency  stability  of  the  stabilized  microwavo  oscillator, 
Oy(x),  as  a  function  of  averaging  lime,  x.  For  x  =  5000  secs., 

the  stability  is  about  1  x  10'n.  The  data  in  this  plot  is  very 
close  to  tne  predicted  shot  noise  limit,  shown  by  the  upper 
dashed  line.  The  lower  dashed  lino  in  the  figure  is  the 
projected  stability  expected  if  cesium  were  used  in  place  of 
sodium,  the  difference  being  the  result  of  the  larger  transition 
frequency  and  mass  of  cesium.  As  can  be  seen,  the 
projected  cesium  results  compare  favorably  with  commercial 
cesium  clocks. 
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f-iq.  -t 

Fr-acCionat  frequency  stability  vs. 
Av«r«qing  time  for  the  fcOUlum  Human  clock. 


IV.  FfQflUOnevEffQr  SQWCflS 

Wo  havo  boon  studying  poiontial  sourcos  ol  orror  that 
can  causo  long  lorm  (rcquoncy  drills  in  iho  Raman  process. 
Somo  orror  sourcos  nro  similar  to  Ihoso  ol  mtcrowavo  clocks. 
Thoso  includo  tho  ollocts  ol  path  length  phase  shill.  magnotiC 
Hold,  background  slope,  atomic  beam  misalignment, 
second-order  Dopplor.  as  woll  as  errors  duo  to  electronics. 

In  addition,  thoro  oro  errors  unique  to  tho  Roman  clock,  such 
os  thoso  caused  by  lasor  (roquoncy  detuning,  laser  intensity 
changes,  lasor  beam  misalignment,  optical  atomic  rocoil.  tho 
prosonco  ol  nearby  hyporlino  lovols.  and  othor  smaller 
ollocts. 

Hero  wo  will  consider  only  orror  sourcos  that  oro  umquo 
to  tho  Raman  clock. 

(a)  CQfro'aicdJassflrcQ'jency-deiuniiia.tLtlecis 

Froquoncy  errors  can  arise  when  w,  and  «2  oro 
oll-rosonanco  {by  tho  same  amount)  with  stato  2,  ns  shown 
in  Fig.  S(a).  whore  6  Is  tho  correlated  detuning.  Tho  typical 
effect  of  5  on  clock  frequency  orror  is  shown  in  Fig.  5{c).  To 
scan  8.  the  rolo'enco  beam  in  Fig.  5(b)  is  frequency  shifted 
with  an  A/C.  so  that  w,  and  w2  can  be  tuned  with  reference  to 
the  D,  resonance.  As  can  bo  seen,  tho  clock  frequency 

depends  strongly  on  correlated  detuning.  However,  (or  5  -  0 
this  dependence  is  small  For  the  data  shown  the  slope  ol 
clock  error  near  5=0  is  0.43  Hz  lor  a  detuning  ol  1  %  ol  the  D, 
linewidth  {equivalent  to  a  fractional  error  ol  2.4  x  10  13  lor  trie 
same  amount  ol  detuning). 
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However,  this  slope  depends  on  tho  laser  intensity  in 
tho  interaction  zones  as  well  as  the  intensity  in  the  reference 
beam.  For  example.  Fig.  6  shows  Ihe  effect  ol  interaction 
zone  intensity  on  this  slope.  Here,  clock  error  as  a  (unction 
ol  S  >s  plotted  (or  three  different  interaction  zone  intensities. 
As  can  be  seen,  the  slope  is  smallest  for  the  interaction  zone 
intensity  of  0.8  mW/cm*.  Similarly,  we  studied  the 
dependence  of  this  slope  on  the  reference  beam  intensity. 
The  minimum  slope  achieved  so  far  is,  m  fractional  error.  2.4 
x  10’11  for  a  detuning  ol  1%  of  the  D,  Imewidth  and  it  should 
be  possible  to  reduce  (his  further. 
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(c)  Laser  misalignment  elects 


CORRELATED  LASER  DETUNING  6 


Fig.  6 

Plot*  oi  clock  error  as  *  function  ol 
eorr«Ut*il  laser  detuninq  £,  for  three 
different  interaction  ion*  inttniltU*. 


Laser  misalignmanl  also  causes  clock  errors  Indirectly. 
For  example,  vertical  misalignment  causes  effective  laser 
Intensity  changes,  as  shown  in  Fig.  7{a},  because  of  the 
translation  of  the  Gaussian  profile  of  the  laser  beam  with 
respect  to  the  atomic  beam.  Horizontal  misalignment  causes 
both  translational  and  angular  effects,  as  shown  in  Fig.  7(b). 
The  angular  misalignment  creates  effective  correlated  laser 
detuning  due  to  the  Doppler  effect.  The  translations! 
misalignment  generates  intensity  error  due  to  the  translation 
of  the  laser  beam  relative  to  the  detector.  Misalignment  in 
general  can  also  cause  imperfections  in  the  standing  waves 
that  are  used  to  reduce  tho  affects  of  path  length  phase 
shifts.  Imperfect  standing  waves  cause  errors  because  of 
changes  in  effective  intensity  as  well  as  in  path  length  phase. 

To  experimentally  measure  laser  misalignment  effects, 
we  first  find  an  optimum  operating  point  at  which  laser 
detuning,  laser  Intensity  changes  and  path  length  phase 
shifts  have  minimal  effects  on  clock  frequency.  Path  length 
phase  shift  errors  are  minimized  by  adjusting  the  path 
lengths  so  that  the  clock  frequency  is  the  same  for  standing 
and  travelling  wave  excitations.  Around  this  optimum 
operating  point  we  found  that  errors  due  to  translations  ol  the 
beams  are  much  larger  than  those  due  to  angular 
misalignments.  Typically,  the  fractional  error  due  to  beam 
translation  is  about  3  x  10*U  for  a  0.1  mm  beam 
displacement. 


(b)  Laser  intensity,  effects 

Frequency  errors  can  also  arise  when  tho  laser  intensity 
changes  in  and  the  reference  beam,  together  or 

separately.  For  8-0,  tho  predicted  intensity  induced  orrors 
are  due  to  any  fluorescence  background  slope,  the  presence 
of  nearby  hyporfino  levels,  optical  atomic  recoil,  and  so  on. 
However,  If  correlated  detuning  Sis  nonzero,  then  tho 
amount  of  Intensity  induced  error  is  determined  primarily  by 
the  amount  of  detuning. 

To  illustrate  this  strong  dependence  of  intensity  induced 
error  on  detuning,  we  refer  to  Fig.  6  again.  As  can  bo  seen, 
clock  orror  is  least  sensitive  to  changes  in  intensity  when 
detuning  is  nearly  zero.  We  can  find  an  optimum  operating 
point  by  adjusting  tho  amount  of  detuning.  Around  such  a 
point  the  minimum  slope  achieved  so  far  Is  2.5  x  10°2 
fractional  error  for  1%  change  in  intensity. 

Efforts  are  underway  to  study  the  individual  causes  of 
intensity  induced  errors  mentioned  above.  For  example,  to 
determine  the  effect  of  nearby  hyperiine  levels  we  propose  to 
study  other  transitions  where  this  effect  is  expected  to  be 
different  in  magnitude. 


Na  b«am 


{*>  Schematic  illustrating  how  vertical 
misalignment  causes  effective  laser 
intensity  changes. 

<b)  Schematic  illustrating  how  horizontal 
misalignment  changes  correlated 
detuning  through  angular  effects  and 
effective  intensity  through 
translational  effects. 
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Potential  frequency-error  sources  that  hnvo  not  yet  boon 
studied  include  tho  oltocts  of  fluorescence  from  tho 
interaction  zones,  tho  second-order  Doppler  shifts, 
limitations  of  single  mode  fibers,  and  so  on. 

MlJEmurg-Wcih 

As  mentioned  earlier,  one  of  tho  moro  promising 
applications  of  tho  Raman  technique  is  to  dovolop  a  cesium 
atomic  beam  Raman  clock,  using  semiconductor  lasors. 

Such  a  clock.  In  which  tho  two  frequencies  oro  intensity 
modulation  sidebands,  is  nearing  completion.  As  projected 
In  Fig.  4,  use  of  cesium  is  oxpoctcd  to  incroaso  tho  stability 
by  a  factor  of  1G.  Also,  this  setup  will  have  a  moro  compact, 
redrculatlng  cesium  oven,  with  an  mom  throughput  much 
larger  than  that  of  our  prosont  setup.  Coupled  with  planned 
improvements  in  fluorosconco  collection  offidency.  this  is 
expected  to  enhance  tho  signal  to  noiso  ratio  considerably. 
With  all  tho  beams,  atomic  and  lasor,  on  tho  samo  table, 
misalignment  will  bo  greatly  reduced.  Also,  tho  now  beam 
will  allow  for  much  bettor  shielding  and  control  of  magnohe 
fields.  All  these  oro  oxpoctcd  to  onhnneo  our  ability  to  study 
tho  remaining  error  sources  with  higher  resolution. 

Wo  oro  also  considonng  tho  attractive  possibility  of 
extending  the  rosonanco  Raman  technique  Into  tho 
mnvwavo  region  of  tho  spectrum.  At  thoso  much  highor 
transition  frequencies,  it  may  bo  possiblo  to  achiovo  better 
dock  stabilities  and  many  of  tho  oxporimental  probloms 
assodatod  with  oxdting  mnvwavo  transitions  In  on  atomic 
boom  could  bo  avoided.  Finally,  tho  Ramon  technique  can 
also  bo  readily  applied  to  slowed  or  trapped  atoms,  possibly 
without  greatly  increasing  tho  complexity  of  tho  experimental 
setup,  slnco  many  of  thoso  techniques  already  make 
oxtonsivo  uso  ol  rosonant  light 
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Sumaa."? 


In  cesium  (Ca)  bean  tube  (CUT)  clocks  only  a 
small  fraction  of  tho  Ca  atoms  effusing  from  the  oven 
travel  through  the  microwave  cavity.  The  reaalnlng 
fraction  la  gettered  by  pieces  of  graphite  and 
graphite-coated  aurfacea  placed  at  various  locations 
Inside  the  clock.  Should  the  graphite  gettera  cease 
absorbing  Cs,  the  Increasing  Ca  background  would 
rapidly  obacure  the  true  nlgnal,  resulting  in  rapid 
reduction  In  the  algnal-to-nolae  ratio.  Cetter  fail¬ 
ure  la  then  one  of  the  primary  life  Halting  preeeaaen 
In  the  Ca  bcaa  tubea.  We  are  lnveatlgatlng  tne  get- 
terlng  properties  of  grsphlte  In  order  to  be  able  to 
characterise  the  type  and  the  amount  of  graphite 
needed  to  efficiently  getter  Ca.  From  a  alcroacoplc 
angle  ue  study  the  aliening  coefficient  of  Ca  on 
graphite  as  a  function  or  Use,  under  conditions 
similar  to  that  encountered  in  a  beam  tube.  A  signif¬ 
icant  experimental  observation  la  the  rapid  docroaae 
In  the  .sticking  coefficient  from  an  Initial  value  of 
1.0  to  0.25*0.30  after  several  days  or  exposure  to 
Ca.  We  are  also  investigating  the  bulk  getterlng 
properties  using  various  analytical  techniques.  Of 
particular  Interest  la  the  maximum  amount  of  Ca  a 
given  graphite  can  abaorb.  Preliminary  measurements 
show  that  graphite  can  absorb  approximately  ZOi  by 
weight. 


Introduction/Background 

In  the  ceslira  (Cs)  beam  tube  clocks  (COT)  only  a 
small  fraction  of  the  Cs  atoms  effusing  from  the  oven 
travel  through  tho  microwave  cavity  where  they  undergo 
the  9192.6  Mis  microwave  transition.  Tho  remaining 
fraction  of  tne  effusing  Cs  atoas  are  collimated  and 
gettered  by  silts  and  baffles  nsdo  of  graphite  placed 
at  various  locations  lnaldo  tho  clock.  This  la  ache 
natlcally  shown  In  Fig.  1.  The  Inner  surfaces  of  the 
beam  tube  are  also  coated  with  graph! to  (aquadag)  to 
Improve  the  getterlng.  Should  tho  graphite  getters 
ccaaQ  absorbing  Ca,  the  increasing  background  of  Ca 
atoms  would  rapidly  obacure  the  true  signal  needed  to 
oporato  the  standard  reliably.  Tho  clocks  will  also 
bo  r' ndcrcd  unusable  if  the  insulators  in  the  electric 
feedthroughs  get  shorted  by  tho  conductive  coatings  of 
the  background  Cs  atoms.  Getter  failure  Is  then  a 
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Fig.  1.  Schematic  representation  of  a  C3  Beam  Tube, 
showing  the  locations  of  graphite  getters.  The  ex¬ 
posed  metal  surfaces  inside  the  tube  are  also  coated 
with  Aquadag  to  further  reduce  the  migration  of  Cs 
atoms  to  the  detector  region. 


life  limiting  process  in  the  fa  clock.  For  the  docks 
to  be  reliable,  the  getterlng  lifetime  should  be  at 
least  as  long  as  the  guaranteed  lifetimes  of  the 
lubes.  Standard  failure  la  of  particular  concern  in 
satellite  applications  such  as  GPS  where  reliable 
operation  over  tho  specified  tube  liretlmc,  7.5  years, 
la  required. 

The  practice  of  putting  g-.iphlte  blocks  as  get 
tors  lnaldo  the  beam  tubea  dates  back  to  the  early 
days  of  the  development  of  Cs  beam  frequency  stand¬ 
ards.  Although  the  usefulness  of  graphite  as  a  Cs 
getter  has  all  along  been  qualitatively  recognised,  no 
syatematio  study  of  the  Ca  getterlng  properties  of 
graphite  has  so  far  been  reported.  we  have  been 
experimentally  Investigating  the  getterlng  properties 
of  graphite  In  order  to  be  able  to  reliably  character 
Iso  the  type  and  amount  of  graphite  to  be  used  In 
apace  borne  clocks. 

Many  materials  are  effective  surface  and  bulk 

getters'.  In  surface  getters  the  gas  molecules  col 
lido  and  react  with  the  surrace.  There  la  little 

diffusion  into  the  material.  In  bulk  getters  the 

efficiency  is  determined  by  the  diffusion  of  the 
impinging  molecules  Into  the  bulk.  In  both  oases,  tho 
characteristics  of  the  surface  and  the  Interaction 
between  tho  bombarding  atoms  and  the  surface  should  be 
such  that  the  Incident  atoms  stick  uell  to  the  -inr- 
face.  Stated  quantitatively,  the  prerequisite  Tor 
efficient  gotterlng  is  that  the  slicking  coefficient 
T  be  close  to  I.  Therefore,  study  of  tho  sticking 
coefficient  enables  one  to  address  the  problems  of 
getterlng  from  a  microscopic  view.  Arothcr  approach 
Is  to  study  the  bulk  getterlng  properties  of  graphite, 
o.g.  how  much  Cs  a  particular  weight  of  graphite  may 
absorb.  In  our  laboratory,  wo  are  Investigating  from 
both  tho  microscopic  (sticking  coefficient  experi¬ 
ments)  and  the  macroscopic  (bull-  getterlng) 
approaches. 

In  tho  second  section  we  present  tho  details  of 
our  experimental  apparatus  for  measuring  tho  sticking 
coefficient  of  Cs  on  graphite.  Tho  dependence  of  the 
sticking  coefficient  on  the  sample  preparation  proce 
dares  is  also  discussed.  In  the  third  section  the 
experimental  results  of  our  bulk  getterlng  studios  a-e 
presented.  Tho  implications  of  our  experimental 
findings  are  discussed  In  the  final  section. 

Experimental  Details  and  Data 


Measurement  of  Sticking  Coefficient  (T) 

To  msasure  the  .'ticking  coefficient  Y  of  Cs  on 
graphite  wo  use  an  atomic  beam  apparatus.  Tho  experi¬ 
mental  technique  Is  Illustrated  In  Fig.  2.  A  well 
collimated  beam  of  Cs  atoms  effusing  from  an  oven  Is 
directed  towards  a  graphite  target.  The  reflected 
beam  at  a  particular  angle  0  13  measured  using  a 
surface  Ionisation  detector.  We  measure  the  sticking 
coefficient  of  Cs  on  graphite  relative  to  a  paraffin 
coated  surface  which  is  known  to  be  perfectly  non¬ 
sticking.  The  sticking  coefficient  Y  is  defined  as 


Y(e) 


reflected  signal  from  graphite  at  0° 
reflected  signal  from  paraffin  at  0° 


CH2 4 27-3/87/0000-047  S1.00C1987  IEE». 


47 


FIs*  2.  ExpcrisonUl  arrangement  for  measuring  the 
sticking  coefriolenl  t  of  Ca  on  graphite. 


Wo  study  the  ovolutlon  of  if  m  «  function  of  use  for 
various  incident  Ca  atomic  boas  Intensities.  Typical 
background  pressure  In  the  atonic  bean  apparatus  la 

<  l  .10'8  torr. 

Graphite  aanplea  used  In  the  present  expert  cents 
are  first  baked  < •tcrnally  In  a  quarts  tube  furnace  at 
1000'C  unde,  llqulu  nitrogen  trapped  rough  vacuin  for 
a  minimum  of  two  hours  by  which  tine  the  residual  gas 
pressure  la  found  to  drop  to  a  feu  microns.  We  use 
glass  seals  everywhere  In  order  to  prevent  the  contaa- 
Inntlon  of  graphlto  aanplea.  Tho  Inner  walls  of  the 
quart:  oven  are  thoroughly  cleaned  before  the  start  of 
baking.  The  graphite  sanplo  Is  loaded  Into  a  copper 
holdor  Inside  the  atonic  bean  apparatus  and  punped 

down  to  -  1  .10*7  lorr-  7h0  aanple  Is  baked  to  350*C 
In  high  vacuua  for  several  hours  till  the  background 

pressuro  Is  below  1  iio"7  torr.  Tho  vacuua  chaabcr 
containing  the  graphite  target  Is  kept  Isolated  from 
the  source  chaabcr  containing  the  Cs  oven,  except 
whllo  neasurlng  tho  reflected  bean  signal.  This  Is 
accomplished  by  placing  a  gate  valve  batucen  the  two 
chambers.  Physical  Isolation  Is  necessary  because 
even  at  roots  teoperaturo  wo  detect  a  weak  Cs  beaa 
effusing  froa  the  oven.  Inadequate  and  Inproper 
baking  of  tho  graphite  saaples  gets  reflected  In  tho 
rapid  decrcaso  of  tho  Cs  sticking  coefficient.  When 
ptuperly  degassed,  graphlto  can  bo  nade  noro  gas  free 
than  most  comaon  metals  used  In  high  vacuin  systems. 

It  Is  generally  believed  that  graphite  degassed  at 

1000  -  1100‘C  Is  "well  outgassed."8 

Tho  residual  gas  pressuro  In  our  apparatus  Is 

usually  less  than  1  «10"8  torr.  This  Is  accomplished 
primarily  by  baking  the  vacuum  chambers  at  about  100'C 
for  about  2k  hours.  This  Improvement  In  tho  high 
vacuum  resulted  In  a  narked  decrease  In  the  background 
signal  recorded  by  tho  surface  Ionization  detector. 
Under  beat  operating  conditions,  tho  typical  back¬ 
ground  signal  Is  <  10'15  A  where  as  the  reflected  Cs 

signal  at  70°  is  -  10""-10"'*A.  The  collision  rate 
of  the  background  gas  at  tho  residual  ga3  pressure  of 

1  «10"8  torr  Is  •  27  monolayer/hour  which  is  compar¬ 
able  to  the  collision  rate  of  Cs  on  the  graphite 
target.  It  Is  conceivable  that  what  we  are  observing 
Is  actually  a  gas  phase  reaction  catalyzed  by  the 
surface-ln  other  words  reaction  of  the  Impinging  Cs 
atoms  with  the  residual  gas  atoms  on  the  surface.  The 
evidence  counter  to  this  is  the  fact  that  our  experi¬ 
mental  data  essentially  remains  unchanged  when  the  Cs 
beam  flux  Is  increased  by  a  factor  of  two  and  residual 
gas  pressure  Is  reduced  by  about  a  factor  of  two. 


"hart-  Ca  Exposure  Times 

Our  experimental  results  are  slvawn  in  Fig.  ?.  Ca 
beam  intensities  range  froa  I  »10I?  to  a  •  I0,? 

ateas/co^  sec.  These  intensities  are  low  osmpared  to 
what  would  be  neen  by  a  getter  placed  directly  In 
front  of  the  oven  In  a  COT  but  comparable  to  Intcnsl- 
tlea  observed  by  graphite  pieces  placed  at  other 
locations  In  the  beaa  tube.  We  have  studied  different 
types  of  graphlte--PGCO  C2JI-2,  TRA-2  and  Ultra  Carton 
UT6ST  -all  are  known  to  have  high  porealty  which 
should  lead  to  superior  gcttcrlng  properties.  Cur 
experimental  data  show  excellent  reproducibility.  Fcr 
the  short  duration  of  six  hours,  no  significant 
difference  In  behavior  is  observed  for  the  different 
types  of  graphite  studied.  It  is  clear  from  our  data 
that  the  rate  of  decrease  of  the  sticking  coefficient 
with  tine  Is  nearly  the  saae  for  the  three  different 
intensities  of  the  incident  Ca  beam.  However,  care 
must  be  exercised  In  extrapolating  our  data  to  long 
exposure  tines. 


Fig.  3.  Experimental  data  for  Y  vs  t  from  short 
exposuro  times  (-  6  hours).  Y  Is  essentially  the  same 
for  throe  different  Cs  bean  Intensities. 


One  of  tho  factors  that  plays  a  crucial  role  In 
ensuring  a  high  getterlng  efficiency  Is  proper  baking 
of  the  graphite  samples.  We  havo  systematically 
studied  the  effects  of  baking  on  the  sticking  coeffi¬ 
cient  and  this  is  shown  in  Fig.  k.  The  relevant 
conditions  are  shown  in  Table  I. 

Long  Exposuro  Times 

Our  primary  focus  is  to  obtain  reliable  and 
reproducible  data  for  the  getterlng  efficiency  of 
graphite  continuously  exposed  to  a  Cs  atomic  beam  for 
extended  periods  of  time  (-  days  and  months),  and 
under  conditions  similar  to  that  inside  a  CBT.  This 
will  enable  us  to  develop  a  good  theoretical  model  for 
getterlng  which  can  subsequently  be  used  to  specify 
and  characterize  the  getterlng  efficiency  of  graphite 
in  space  borne  clocks. 

The  variation  of  Y  with  time  for  three  different 
types  of  graphite  and  an  aquadag  coated  surface  is 
shown  in  Fig.  5.  The  percentage  porosity  of  the 
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fig.  *i.  Variation  of  Y  with  tine  for  taxed  and  un¬ 
baked  graphite  targets.  Baking  la  done  at  1000*C  as 
explained  In  the  text.  See  Table  I  for  details. 


Table  X. 

Baking  conditions  pertaining  to  the  data  In  Fig.  1. 


1000*C  High  Vaouua 

Curve  Baxing  (Torr) 


tContaninatcd 

1 

.10‘7 

oven 

unbaked 

l 

.10*7 

‘clean 

l 

*10‘7 

Clean 

<1 

*  10"® 

tTho  quarts  baking  oven  had  rubber  stoppers.  During 
the  baking  the  stoppers  released  contanlnants  Into 
the  oven  thereby  poisoning  the  graphite  getters. 

*The  oven  was  refurbished  with  quarts  stoppers  and 
tubas  to  reduce  contaainatlon. 

respective  saaplos  Is  also  Indicated  In  Fig.  5.  The 
sudden  steps  In  the  data  are  duo  to  fluctuations  In 
the  incident  atonic  bean  which  rcsalns  very  stable 
only  for  about  2a  hours.  A  differential  ncasurcacnt , 
wjth  continuous  nonltorlng  of  both  the  Incident  and 
the  reflected  beans  would  be  nore  desirable  for  these 
types  of  long  tern  oxporlnents.  Suitable  corrections 
for  the  bean  fluctuation  were  made  in  conputlng  Y. 


Bulk  Oettcrlng  Studies 

Procedure  Employed  In  the  Exposure  of  Graphite  to 
CesHua  Vapor 

Four  types  of  standard  synthetic  graphite  along 
with  aquadag  coated  surfaces  were  exposed  to  C3  vapor. 
The  graphites  selected  for  study,  POCO  CZR-2(32X)  and 
TRA-2  (23X)  and  Ultra  Carbon  UT-6ST  (17J)  and  UT-8 
(17J),  have  high  porosities  (the  fraction  of  voline 
due  to  voids  In  graphite,  shown  In  the  parenthesis) 
which  we  believe  should  yield  superior  getterlng 
capabilities.  Graphite  sanples  (0.5"  «0.5"  *0.125") 
were  fabricated  using  grea3eless  machining  tools. 

These  samples  weighed  approximately  1g.  Aquadag  was 
applied  to  cleaned  stainless  steel  plates  (1.0  cm  *1.0 
cm  *0.16  cm).  Both  the  graphite  and  aquadag  samples 


Fig.  5.  Bong  tern  (60  -  75h)  variation  of  tho  atlck- 
Ing  coefficient  aa  a  function  of  time.  At  tho  end  of 
60-75h  of  oxposure  to  the  Ca  bean,  the  sticking  coef¬ 
ficient  dropa  to  -  0.2-0.X,  depending  on  tho  type  of 
graphite.  The  Ca  bean  intensity  used  in  these  meas¬ 
urements  la  -  4  x  I02  atoas/ca2  acc.  POCO  CZR-2 
exhibits  a  distinctly  slower  rate  or  decrease 
of  Y  thsn  all  the  other  types  Investigated. 


were  baked  under  liquid  nitrogen  trapped  mechanical 
pump  vacuua  at  500*C  to  remove  any  ndsorbod  water. 

The  samples  were  then  transferred  to  glass  manifolds 
of  tho  design  shown  In  Fig.  6.  Each  grnphltc- 
contnlnlng  nnnifold  holds  eight  sanples,  two  of  each 
typo  of  graphite  being  studied.  Prior  to  opening  the 
Cs  reservoir  the  mnlnfold  Is  attached  to  a  glass 
vacuua  ayaten.  On  the  vacuum  systen  tho  manifolds  are 
bakod  at  350*C  until  the  system  pressure  drops  bolow 

l  «10"®  torr,  typically  24  hours.  After  baking,  tho 
Cs  reservoir  Is  opened  and  degassed  at  which  point  the 
manifold,  still  evacuated  la  removed  from  the  vacuua 
syatem.  Cs  Is  then  transferred  from  the  reservoir  to 
other  surfaces  as  indicated  in  Pig.  6.  This  provides 
a  source  of  Cs  vapor  with  a  large  surface  area.  The 
manifolds  are  placed  in  a  50*C  oven  and  the  graphite 
sanples  are  exposed  to  Cs  vapor  for  tho  desired  peri 
ods  of  time.  In  these  studies  exposure  times  ranged 
fren  six  to  fifteen  months,  allowing  the  temporal 
evolution  of  Cs  absorption  to  bo  monitored. 

We  wish  to  determine  how  much  Cs  the  graphite  (or 
aquad3g)  sample  can  absorb.  Consequently,  It  Is 
essential  to  Insure  that  tho  observed  Cs  absorption  is 
due  to  the  properties  of  the  graphite  and  has  not  been 
limited  by  the  anount  of  available  Cs  vapor.  With 
this  in  mind,  a  large  surface  area  of  metallic  Cs  vas 
employed  so  that  copious  amounts  of  Cs  vapor  would  be 
available.  Also  the  manifolds  were  fabricated  such 
that  there  are  no  serious  conductance  limitations  on 
the  amount  of  Cs  vapor  that  may  pass  through  the 
constrictions.  If  slmpl  istlcally  we  assune  these 
atoms  impact  the  graphite  surfaces  uniformly  the 

Incident  flux  Is  on  the  order  of  7  .lO^  atoms/cm2 

sec.  This  is  close  to  the  intensities  seen  by  graphite 
collimators  placed  near  the  oven  in  GPS  Cs  bean  tubes 
and  larger  than  the  intensities  graphite  surfaces 
would  be  exposed  to  in  other  locations. 
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Fig.  6.  Class  nanirold  us«d  to  axpost  graphite 
samples  to  cesium  vapor.  After  evacuation  the  nanl* 
fold  is  placed  in  a  50*C  oven. 


PcterMlnation  of  the  Amount  of  Absorbed  Caalum 
1.  Gravimetric  Procedurea 

After  Investigating  several  techniques  we  have 
found  that  the  most  reliable  method  to  deteraine  the 
amount  of  Cs  absorbed  by  a  graphite  sample  is  a  staple 
gravlaetrlc  procedure.  Prior  to  placement  in  the 
glass  manifold  graphite  soaples  ore  accurately 
weighed.  After  Cs  exposure  the  glass  Manifold  is 
opened  and  the  samples  reweighed.  The  increase  in 
sample  weight  is  attributed  to  Cs  absorption.  Cs 
reacts  with  water  and  the  reaction  product,  CaOH,  is 
hygroscopic.  As  a  result  csre  is  taken  to  nlninlso 
exposure  of  the  sample  to  water  vapor  during  Manifold 
opening  and  simple  weighing.  Additionally,  experl- 
tsents  were  performed  to  deteraine  how  rapidly  Cs 
Impregnated  graphite  absorbs  water.  Graphite  samples 
were  placed  on  scales  and  the  weight  increases  meas¬ 
ured  as  a  function  of  tho  exposure  time  to  laboratory 
air.  One  example  of  these  studies  was  a  sample  of 
POCO  CZR-2  that  showed  a  weight  increase  due  to  Cs 
exposure  of  21*.  After  exposure  to  laboratory  air  for 
30  minutes  the  weight  increase  had  risen  to  23*.  After 
two  hours  of  laboratory  air  exposure  the  weight  in¬ 
crease  had  further  risen  to  25.5*.  These  results 
actually  have  an  uncertainty  as  they  depend  on  the 
humidity  of  the  laboratory  air.  Throe  manifolds  were 
opened  and  the  samples  transferee  to  a  desiccator 
within  a  glove  bag  containing  dry  nitrogen.  Their 
only  exposure  to  tho  laboratory  atmosphere  was  during 
the  weighing  process.  Our  studies  indicated  that  an 
insignificant  amount  of  water  Is  absorbed  during  tho 
three  to  four  minutes  needed  for  weighing.  Two  addi¬ 
tional  manifolds  containing  graphite  samples  and  a 
single  manifold  holding  the  aquad3gged  samples  were 
opened  In  air  and  tho  samples  transferred  to  tho 
desiccator.  Tho  water  vapor  absorption  experiments 
indicate  that  a  graphite  sample's  weight  should  in¬ 
crease  by  approximately  three  to  five  percent  duo  to 
the  water  vapor-Cs  reaction  which  might  have  taken 
place  during  the  manifold  opening.  Consequently  wo 
consider  the  weight  Increases  from  the  last  three 
manifolds  to  be  less  reliable  than  those  of  the  other 
three  manifolds.  The  percentage  weight  increases  of 
the  graphite  samples  after  Cs  exposure  are  summarized 
In  Table  II. 

The  sample-to-3ample  variations  In  weight  are 
greater  than  the  uncertainties  associated  with  tho 
weighing  process.  At  this  point  It  Is  not  clear 
whether  the  variations  are  indicative  differences  in 
the  getterlng  abilities  of  various  samples  or  result 
from  a  subtle  systematic  limitation  of  our  exposure 
procedure.  In  spite  of  the  variations,  several 


observations  may  be  made.  It  appeara  that  the 
absorptive  capability  of  graphite  increases  with 
increasing  porosity.  Cased  on  the  results  of  the 
manifolds  opened  under  dry  nitrogen,  fractional 
increases  in  graphite  weight  resulting  from  Cs 
saturation  may  range  from  A  to  20*  depending  on  the 
graphite  type.  POCO  CZR-2  graphite  displayed  the 
highest  absorption  capability  (-  20*  weight 
Increase).  Aquadag  covered  surface  also  displayed 
high  absorption  capabilities,  approximately  30*  by 
weight.  This  result  may  be  srtiflcally  high  as  the 
aquadag  manifold  was  opened  in  laboratory  air.  It 
must  also  be  noted  that  these  coatings  have  only 
limited  mass  per  surface  area  and  hence  limited 
absolute  absorptive  ability.  In  our  studies  the 
coatings,  resulting  from  a  single  application  of  the 
aquadag  solution,  displayed  surface  densities  of 

approximately  10  mg/cm2.  This  would  Indicate  each 
square  centimeter  of  painted  surface  could  at  most 
absorb  about  3  mg  of  Cs.  Using  the  information 
supplied  in  Table  II,  manufacturers  will  be  able  to 
reasonably  estimate  the  minimum  graphite  needed  to 
absorb  the  initial  Cs  charge  in  the  beam  tube. 

2.  Other  Measurement  Techniques 

Several  other  techniques,  scanning:  Auger,  atoalo 
absorption  spectroscopy,  and  acld-basu  titrations, 
were  applied  to  the  measurement  of  Cs  absorbed  by 
graphite.  Of  these,  the  acid-base  titatlon  was 
slmpliest  to  perform  end  had  the  highest  Intrinsic 
accuracy.  This  procedure  is  based  or.  the  reaction 
between  Ca  and  water, 

Cs  *  HjO  -  CsOH  •  1/2  H2.  (1) 

In  on  excess  of  water  the  CsOH  dissociates  producing 

Oil"  ions  and  as  a  result  a  normally  neutral  water 
solution  becomes  basic.  For  each  dlsaolvod  Cs  atom  an 

extra  OH"  ion  is  produced.  In  the  acid-base  titration 
an  amount  of  acidic  solution,  which  supplies  II*  ions 

sufficient  to  neutralize  the  excess  OH",  is  added  to 
the  basic  solution.  When  neutrality  is  regained  the 
titration  end  point  has  been  reached  and  the  number  of 

II*  ions  added,  will  equal  the  initial  number  of  dis¬ 
solved  Cs  atoms.  In  performing  this  titration  one 
hopes  to  obtain  a  completely  Independent  measure  of 
the  amount  of  Cs  absorbed  by  graphite.  This  measure¬ 
ment  will  also  be  insensitive  to  any  water  vapor 
absorbed  by  the  graphite  sample. 

After  weighing,  several  graphite  samples  taken 
from  the  fifteen  month  manifold  were  crushed  and 
soaked  in  distilled  water.  Using  hydrochloric  acid 
solutions,  with  precise  hydrogen  ion  concentrations, 
the  titrations  were  performed.  To  Identify  the  tit-a- 
tion  end  point  a  phenolphthalein  indicator  was  added 
to  tho  solution.  When  neutrality  is  approached  this 
indicator  undergoes  a  dramatic  color  change.  Compari¬ 
son  of  the  amounts  of  absorbed  Cs  indicated  by  the 
titration  with  that  of  the  gravimetric  analysis  Is 
also  given  In  Table  II.  The  titrations  consistently 
show  lower  amounts  of  absorbed  Cs,  approximately  10  to 
25*  of  that  found  by  the  gravimetric  technique.  A 
requirement  for  the  acid-base  titration  to  be  accurate 
Is  that  all  of  the  absorbed  Cs  atoms  undergo  reaction 
(l).  Apparently,  a  major  portion  of  the  absorbed  Cs 
Is  not  readily  dissolved  In  water.  This  finding  Is 
also  consistent  with  our  atomic  absorption  measure¬ 
ments  that  detect  atomic  Cs.  Prior  to  the  absorption 
measurement  the  absorbed  Cs  mu3t  be  similiarly  dis¬ 
solved  In  a  water  solution.  All  atomic  absorption 
measurements  Indicated  Cs  absorption  was  less  then 
that  found  by  the  gravimetric  analysis,  typically  only 


50 


TAJJLE  lit  Su»m<rv  of  Gravimetric  Heaaureaent* 


Manifold*  Opened  Under  Dry  Nitrogen 

i 

1 

Manifolds  Opened  Under  laboratory  Air 

EXPOSURE 

SATURATION 

POROSITY 

m 

TIME  (MONTHS) 

6(1) 

9 

15 

LEVEL  (2) 

(3) 

10 

9 

GRAPHITE 

Fractional  felghc  Cain  (Acid-Base 

1 

i  Fractional  Weight  Cain  (Acid-Base 

SAMPLE 

Titration  Result) 

1  Titration  Result) 

(2) 

! 

(X) 

Ultra  Carbon 

11 

El 

4.2 

Bma 

mm 

17 

EOT 

25.0 

ut-6StO) 

12 

D 

5.4 

cm 

■H 

SB 

17.7 

Ultra  Carbon 

n 

WWW 

PI 

6.7  (1.7) 

8  +  2.5 

17 

7.9 

16.1 

ut-8<45 

12 

3.B 

m 

5.7 

10.4 

15.0 

POCO 

#1 

4.2 

12.2 

12.1  (1.2) 

11+2 

23 

j  6.9 

8.1 

TRA-2 

12 

2.6 

8.1 

10.5 

7.0 

6.6 

POCO 

ll 

5.2 

23.5 

17.9  (4.7) 

20  +  3 

32 

m 

ESI 

CZR-2 

12 

3.5 

8.0 

19.9 

m 

m 

Aqua-Dag 

ll 

32 

Coating* 

12 

33 

13 

40 

14 

26  (6.5) 

(1)  Graphite  sample*  baked  ac  1100’C,  all.  other  aaaplea  baked  at  500*C 

(2)  Average  of  all  9  and  15  month  data  except  for  C7.R-2  In  which  BE  value  was  rejected  on  statistical 
ground! 

(3)  Crain  site  0.04  oa 

(4)  Crain  size  0.02  aa 


approximately  JOS  of  the  gravimetric  result.  These 
findings  give  Insights  Into  the  Cs  absorption  process 
and  will  be  discussed  subsequently. 

A  final  comment  concerns  scanning  Auger  measure' 
ments  made  upon  Cs  exposed,  graphite  samples.  Auger 
measurements  produce  signals  proportional  to  the  Cs 
atom  concentration  In  tho  graphite.  Unfortunately,  It 
la  very  difficult  to  obtain  reliable  absolute  concen¬ 
trations.  The  Auger  technique  was  applied  to  cross 
sections  of  graphite  samples  giving  valuable  penetra¬ 
tion  profile  Information  but  not  absolute  concentra¬ 
tions. 

Discussion  and  Conclusions 

Our  experimental  results  represent  the  first 
quantitative  Investigation  of  the  Cs  getterlng  capa¬ 
bilities  of  graphite  used  In  bean  tube  standards.  We 
have  demonstrated  the  feasibility  of  making  long  term 
studies  of  the  getterlng  properties  of  graphite  under 
conditions  similar  to  that  encountered  In  Cs  beam 
tubes.  As  expected  Y  decreases  with  time.  Tho  most 
surprising  aspect  of  our  data  Is  the  rapid  decrease 
in  Y  from  the  Initial  value  of  1  to  about  0.2-0. 4 
after  Just  a  few  day3  of  exposure  to  the  Cs  atomic 
beam.  Undoubtedly  y  will  continue  to  decline  and 
eventually  y  will  be  zero.  The  fact  that  Y,  after 
Just  a  few  days  of  exposure  Is  merely  0.2-0. 4  has 
Implications  on  the  long  term  tube  reliability  and 
provides  Insights  into  how  getterlng  occurs  within  the 
CBT.  To  put  things  in  perspective,  we  compare  the 


actual  Cs  beam  flux  that  the  graphite  block  placed  In 
the  vicinity  of  the  oven  Is  exposed  to  with  tho  beam 
flux  that  wo  have  used  In  our  studies.  For  graphite 
blocks  placed  at  a  distance  of  2  to  3  mm  from  tho 
oven,  the  effective  Cs  beam  flux  can  be  much  more  than 
an  order  of  magnitude  larger  than  the  flux  used  In  our 
experiments.  Our  studies  Indicate  that  more  than  60S 
of  the  Cs  atoms  incident  on  this  graphite  block  will 
not  stick.  This  would  imply  that,  at  the  very  early 
life  of  the  beam  tube  this  block  of  graphite  would 
loose  most  of  its  getterlng  capabilities.  This  would 
also  moon  that  a  large  part  of  tho  getterlng  would 
have  to  be  efficiently  done  by  all  the  graphite  coated 
surfaces  and  graphite  blocks  placed  at  other  loca¬ 
tions. 

Our  bulk  getterlng  data  provide  for  the  first 
time  i  quantitative  way  of  estimating  how  much 
graphite  should  be  placed  In  a  beam  tube  to  getter  the 
initial  Cs  charge  of  the  oven.  This  Is  particularly 
Important  for  Cs  beam  tubes,  such  as  those  used  on  CPS 
satellites,  upon  which  stringent  reliability  require¬ 
ments  are  placed.  Estimates  of  the  amount  of  graphite 
needed  In  a  beam  tube  based  on  our  results  should  bo 
considered  absolute  minimum  amounts.  The  potential 
sanple-to-s ample  variation  in  absorptive  capability  of 
a  given  graphite  indicates  that  not  all  pieces  may  be 
able  to  absorb  the  same  amount  of  Cs.  Also  as  a 
getter  piece  begins  to  approach  Cs  saturation  the 
behavior  of  the  sticking  coefficient  is  not  known.  If 
the  sticking  coefficient  is  extremely  low  the  Cs 
background  pressure  could  reach  deleterious  levels 
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prior  10  complete  saturation.  Both  of  those  concerns 
require  further  experiments  anti  analyola  to  determine 
their  importances. 

A  difficult  problem  to  address  experimentally  is 
getter  performance  after  a  number  of  years  of  Ca 
exposure.  Theoretical  approaches  may  be  the  most 
productive  when  analysing  long  term  getteringi  and  in 
particular  slicking  coefficient  evolution.  While  a 
rigorous  model  of  Cs  gettering  by  graphite  does  net 
yet  exist,  the  present  experiments  are  of  value  in 
arriving  at  simple  models.  Graphite  Is  composed  of 
coke  grains  which  are  held  together  with  pitch  resi¬ 
due.  Cs  atoms  that  stick  to  the  graphite  surface  must 
penetrate  into  the  graphite  or  the  sticking  coeffi¬ 
cient  would  rapidly  go  to  zero.  The  penetration  of  Cs 
into  graphite  is  typically  treated  as  a  "grain  bounda¬ 
ry"  process. ^  processes  of  this  type  are  character¬ 
ised  by  two  diffusion  mechanisms  proceeding  at  drama¬ 
tically  different  rates.  Between  the  grains  diffusion 
proceeds  rapidly.  Penetration  into  the  grains  pro¬ 
ceeds  at  a  much  slower  rate.  However,  due  to  the 
large  grain  surface  area  a  major  fraction  of  Cs  should 
be  able  to  penetrate  into  the  grains  In  reasonable 
periods  of  time.  This  is  consistent  with  results  of 
the  acid-base  titration  that  indicated  70-90*  of  the 


absorbed  Cs  could  not  be  dissolved  in  water.  Ap¬ 
parently  this  Cs  has  penetrated  into  the  grains.  At 
present  we  are  using  bulk  exposure  and  sticking  coef¬ 
ficient  data  to  develope  a  theoretical  model  of  the 
lettering  process.  Thin  should  allow  accurate  predic¬ 
tion  of  sticking  coefficient  behavior  even  after  many 
years  of  Cs  exposure. 
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Abstract 


Extensive  observations  and  valuable  measurements 
have  been  periormed  over  the  years  at  the  National 
Bureau  of  Standards  on  commercial  Cesium  Beam  frequency 
standards  with  long  term  stability  problems  (1).  A 
strong  correlation  of  frequency  Instability  and  drift 
with  Instability  and  drift  of  the  microwave  power  was 
found,  and  a  connection  with  variation  In  time  of  the 
velocity  distribution  of  the  atoms  In  the  beam  vas 
recognised,  these  phenomena  were  attributed  to 
transducing  capabilities  of  distributed  phase  shift, 
which  would  map  microwave  power  Into  end-to-end  average 
cavity  phase  shift.  No  conclusive  solution  was  found  at 
the  clmo  to  these  problems,  short  of  active  servo 
stabilisation  of  the  microwave  power. 

In  this  paper  experimental  evidence  Is  reported, 
which  confirms  provlous  findings,  but  unambiguously 
Identifies  Rabl  pulling  and  cavity  pulling  as  the  major 
transducing  effects  chat  turn  povor  variations  Into 
frequency  variations.  It  Is  shown  that  C-flold  values 
exist,  for  which  the  standard's  output  frequency  Is 
unaffected  by  microwave  power  variations,  and  that 
operation  of  the  standard  at  one  of  those  zero- 
crossings  represents  a  possible  cure  to  nil  long  term 
Instability  problems  which  derive  from  Instability  of 
tho  microwave  power. 


i-InrodMMl.flu 


It  Is  well  known  that  the  stability  of  Coslum  beam 
frequency  standards  available  on  the  market  often 
deviates  from  tho  r~'  slope  beam-sboc-nolso  limited 
behaviour  os  early  ns  at  a  few  days  of  nvorngtng  tlmo 
and  nt  a  level  not  much  bettor  than  10*,J.  Wien  tills 
happens  It  Is  considered  a  problem  because  for  many  of 
today's  applications  It  uould  bo  dcslrnblo  to  have  a 
stability  In  tho  low  10"14  range. 

This  problem  had  boon  addressed  in  the  early 
seventies  nt  the  National  Bureau  of  Standards  from  on 
experimental  viewpoint,  and  valuable  Information  was 
obtained  ns  to  what  aro  the  parameters  which  affect  Its 
Insurgcnco.  The  results  obtained  at  that  tlmo  pointed 
at  variations  of  microwave  power  and  velocity 
distribution  In  the  beam  (l).  Plenty  of  evldorcc  was 
found  of  the  coupling  between  these  quantities  and  long 
term  frequency  Instability.  Understanding  what  bins 
effects  take  part  In  transducing  their  variations  Into 
frequency  variations  Is  a  question  that  calls  for  an 
analysis  of  the  accuracy  budget  of  commercial  standards 
and  of  the  physical  parameters  thar  may  possibly  affect 


each  bias.  In  the  above  mentioned  work  end-co-end  and 
distributed  cavity  phase  ahlfc  were  Indicated  as  the 
main  bias  effects  responsible  for  this  correlation. 

In  this  paper  we  report  data  which  support  the  theory 
attributing  to  Rabl  pulling  and  cavity  pulling  the 
major  role  In  producing  long  terra  frequency 
Instabilities  related  to  variations  of  power  and 
velocity  distribution. 

A  quick  review  of  the  main  bias  effects  Is  first 
given,  with  attention  at  showing  why  phase  shifts 
cannot  explain  the  observed  Instabilities.  Then 
experimental  results  are  reported  which  quantify  Rabl 
pulling  and  cavity  pulling,  show  that  no  other  major 
biases  exist  In  the  observed  standards,  and  that 
microwave  power  Independent  alignments  can  he  obtained. 
Operation  at  these  points  Improves  the  long  terra 
stability  and  the  environmental  sensitivity  of  the 
standards. 

The  evidence  supporting  this  conclusion  Is  based 
on  data  obtained  with  three  high-performance  dual  beam 
tube  standards.  Although  the  data  Is  limited  and 
relative  to  devices  of  only  one  make,  It  is  the 
author’s  feeling  chat  the  obtained  results  should  he 
considered  at  least  a  typical  scenario  for  all 
commercial  standards,  possibly  with  some  caution  when 
tho  servo  loop  scheme  used  Is  based  on  ocher  than 
sluowave  or  slow  square  wave  frequency  modulation. 


7  A  short  review  of  frequency  biases 


A  list  of  the  major  biases  affecting  tho  frequency 
of  n  commercial  Cesium  beam  frequency  standard  Is 
reported  in  Tablo  1.  All  effects  known  to  bo  liable  to 
cause  shifts  greater  than  few  parts  In  10" M  In  a  state 
of  tho  art  device  are  listed  together  with  tho  typical 
order  of  magnitude  of  the  associated  shifts. 

Some  of  tho  biases  are  Intrlnsocally  stable  nt  the 
1 0~ * 6  level.  Those  are  reported  only  foi  completeness. 
They  are  marked  with  the  comment  "stable"  and  will  not 
be  discussed  further. 

Other  biases  are  usually  smaller  than  10*15  and 
stable  unless  the  electronics  are  misaligned,  which 
happens.  These  will  be  discussed  here  shortly,  if  only 
to  dismiss  them  as  a  normal  cause  of  unstable  behavior. 

The  offset  due  to  spectral  impurities  has  been 
analyzed  in  a  number  of  studies.  The  most  complete  of 
them  [2J  shows  that  even  with  1%  unbalance  between 
symmetric  sidebands  at  60  Hz  30  dB  below  the  9.2  GHz 
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carrier,  the  offset  should  he  expected  to  he  veil  helov 
lO"1*.  its  stability  in  the  10"u  range  can  be 
postulated  for  devices  with  good  electronics. 

The  integrator  offset  causes  a  frequency  bias 
which  can  be  serious.  However,  in  modern  chopper- 
stabilised  Instrumentation  operational  amplifiers  the 
input  bias  can  be  very  stable,  tilth  a  typical  Input 
signal  to  the  Integrator  of  1  Volt  per  10”*  frequency 
offset,  the  commercially  available  specifications  of 
<1jiV/K  and  <l;iV/oonth  for  the  temperature  coefficient 
and  the  ageing  of  the  input  bias  are  adequate  for 
keeping  frequency  variations  below  10-'4.  A  bigger 
problem  is  the  fact  that  the  beam  signal  decreases  with 
Cesium  consumption  as  the  tube  ages.  Avoiding  frequency 
drifts  from  this  effect  calls  for  vory  careful  Initial 
compensation  of  tho  offset  and/or  automatic  loop  gain 
control.  The  latter  Is  usually  not  Included  In  analogic 
servo  loops. 

Othor  frequency  biases  duo  to  the  electronics, 
ltko  distortions  and  offsets.  In  the  modulator/ 
demodulator  system,  have  been  analysed  in  depth  In  (3). 
Specifications  on  the  electronics  are  quite  tight  for  a 
guarantee  that  these  effoccs  be  smaller  than  10”' 4 . 

(The  burden  on  the  electronics  Is  great  If  one  vents  to 
accurately  split  the  line  to  3xl0-’!l)  Analysis  of  the 
electronics  In  tho  standards  under  test  suggests  that 
the  long  term  Instabilities  of  these  effects  should  not 
cause  problems  at  the  level  of  this  Investigation  In 
well  aligned  Instruments. 

Tho  remaining  bias  offocts  from  Table  1  will  now 
bo  analyzed  singularly  In  somewhat  greater  depth. 


Phase  shift 

Tills  effect  has  been  indicated  In  tho  MBS  study 
mentioned  above  (1)  to  bo  possibly  a  major  responsible 
for  frequency  Instability  caused  by  microwave  power 
sensitivity.  As  already  said  the  Importance  of  the 
stability  of  power  and  velocity  distribution  In  the 
beam  was  well  documented.  However  the  mechanism  which 
connected  these  quantities  to  frequency  was  still 
mistorlous.  Ic  was  proposed  chat  end-co-end  and 
distributed  phase  shift  would  play  a  major  role  In  this 
process.  This  must  bo  understood  ns  an  hypothesis  whose 
validity  was  very  difficult  to  assess.  In  fact  It  is 
not  possible  to  reverse  the  beam  to  measure  phase  shift 
In  a  sealed  tube.  It  was  later  contended  that  In  well 
manlfactured  cavities  phase  shifts  should  bo  smaller 


Chan  lO*1’,  ami  that  distributed  phase  shift  In 
particular  can  hardly  he  expected  to  cause  paver 
indueed  frequency  variations  greater  than  In*1*  (*j.  in 
fact  the  phase  variation  across  the  beam  la  very  am--.ll 
In  such  devices,  with  the  beam  grazing  the  end  shorts 
of  the  cavity. 

Furthermore,  even  In  the  unlikely  even';  of  tunas 
with  an  end-ro-eml  phase  shift  of  several  lt*"1*.  It  has 
been  shown  JTJ  that  Ita  variation  with  microwave  power 
cannot  be  expected  to  be  relevant.  In  fact  cite  formula 
traditionally  used  to  evaluate  this  shift 
does  not  take  Into  account  the  operation  of  rim  servo 
loop.  Ic  would  seem  from  It  that  as  the  line  it  changes 
with  microwave  power  via  velocity  selection,  ihe 
associated  shift  should  change  wit’*  l  i-crse 
proportionality.  This  Is  the  argument  wnlch  vas  put 
forth  In  {!].  However  It  is  shown  t a  (51  chat  a  factor 
A*  must  be  introduced  In  the  formula  to  summarize  tho 
sensitivity  of  tho  servo  to  the  end-to-end  phase 
difference,  Tho  complete  formula  la: 

iv  it 

—  -  A,  —  .1) 

v  tt 

It  Is  shown  In  [5]  that  the  effocts  of  microwave  power 
variations  on  Q  and  tend  to  compensate,  so  chat  the 
power  dependence  of  end-to-end  phase  shift  turns  out  to 
be  vory  small. 


C-flold 

This  Is  by  far  the  groacosc  bins  In  Cesium  bean 
standards.  Its  magnitude  Is 

-  8.70262  x  10-4  f,»  (2) 

whore  f.  Is  tho  Zeeman  frequency  In  kHz,  defined  as  the 
distance  between  neighbouring  transitions.  Variations 
of  the  C-flcld  produce  frequency  variations  which 
depend  on  £t  and  ore  given  by: 

)/w  -  2  x  10-«»  (3) 

Although  the  focus  of  this  work  is  on  sensitivity 
to  microwave  power,  it  must  be  remembered  that  C-£ield 
variations  may  occur,  due  to  changes  in  the  external 
magnetic  field,  in  the  shields,  or  in  tho  exciting 
current.  It  appears  from  (3)  that,  at  least  for  tho 
latter,  it  Is  an  advantage  to  operate  the  standard  at 
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as  lo«  ng  possible  a  C- field  value,  In  order  to 
decrease  the  sensitivity  to  U*  variations. 


Cavity-Pulling 


This  effect  deserves  special  attention  because  It 
was  very  early  Indicated  as  a  stajor  responsible  for 
temperature  sensitivity  In  commercial  standards  |6J . 

The  complete  expression  for  cavity  pulling  Is  (5): 


iv 

v 


(*> 


where  Qt  Is  the  cavity's  and  Q  Is  the  Ramsey  line's  Q, 
fut  -  e, «v  Is  the  cavity  mistiming  from  the  Cesium 
resonance  frequency,  and  \  Is  a  proportionality  factor 
which  depends  on  microwave  power  and  modulation 
parameter.  In  flg.l  a  typical  behaviour  of  At  with 
microwave  power  la  shown,  aa  calculated  for  an  existing 
tube  from  Its  velocity  distribution  and  actual 
modulation  parameters.  Tills  behaviour  can  be  quite 
different  for  different  modulation  parameters  or  for  a 
different  tube.  Slnewave  modulation  was  assumed  for 
tbla  calculation.  In  flg.l  A*  Is  also  shewn,  which  Is 
the  limit  value  of  As  In  the  ataclc  approximation,  as 
calculated  In  \1',.  It  should  he  underlined  here  that 
while  Ajj  vanishes  at  the  uptimes  power  I’  v ,  A,  usually 
crosses  sevo  at  same  different  power  level.  As  a 
consequence  It  Is  cleat  ftem  (A)  that  cavity  pulling  In 
reality  does  not  necessarily  vanish  at  P,fl,  hut  rather 
at  a  power  level  which  depends  on  velocity  distribution 
and  modulation  parameter*.  This  causes  a  frequent  • 
variation  as  the  cavity  resonance  novas  due  to  ageing 
os  to  Its  own  temperature  coefficient.  It  is  shown  In 
18J  that  the  latter  can  he  of  the  ordet  of  lt|-» «/K. 


Flg.l  Calculated  values  of  A„  and  A,  as  afunctlon  of 
microwave  power-  The  velocity  distribution  measured  In 
a  real  tube  was  used  for  these  calculations.  The  values 
of  As  aro  based  on  modulation  parameters  similar  to 
those  actually  used  In  commercial  standards. 


It  Is  also  cleat  from  (A)  and  flg.l  that  cavity  pulling 
causes  microwave  power  sensitivity,  unless  the  cavity 
Is  very  well  tuned  to  Cesium  frequency  (fwe-0).  Since 
It  is  very  unlikely  that  the  cavity  mistuning  should  be 


greater  than  the  half  cavity  width,  the  order  of 
magnitude  of  cavity  pulling  should  he  expected  to  he 


In  abort  tubes  It  U  usually  QsJxlO’.  With  and 

the  upper  limits  obtained  from  (5)  for 
cavity  pulling  and  Its  variation  with  power  are 
<t>/w|t«;10">*  and  S(Sv/»\t l/fNJxlO-1  VdA.  For  a 
carefully  tuned  cavity  these  figures  can  he  a  factor  of 
JO  smaller,  llowevor  It  must  he  kept  In  mind  that 
temperature  and  ageing  Induced  variations  of  the  cavity 
tuning  may  reintroduce  pulling  and  power  sensitivity  at 
some  level  even  after  a  careful  tune • up. 


Kaki-aiUIug 

Title  effect  has  been  studied  In  (9)  and  a  useful 
expression  for  the  bias  la 

I* 

-A*  - Rlfj )  (6) 

x 

where  R(f, )  la  a  damped  oscillating  function  of  the 
<eeswtn  frequency  with  several  sero  crossing  points,  and 
A*  Is  a  proportionality  factor  which  depends  on  power, 
modulation  parameters  and  velocity  distribution.  For  a 
typical  cube  It  Is  found  In  |SJ  that  A*  la  roughly 
proportional  to  the  square  root  of  P/l*  around  1'  , 

as  shown  In  flg.2.  TMs  makes  Rabl  pulling  o(P/P,fc. )»' » 
around  optimum  power.  r 


S» 

v 


Fig. 2  Behaviour  of  A*  os  a  function  of  microwave  power 
ns  calculated  for  typical  velocity  distribution  and 
modulation  parameters. 


3  Power  sensitivity 

Boenuso  phase  shift  and  second  order  Doppler 
effect  »ro  so  small  In  commercial  standards,  and  In  any 
case  exhibit  such  a  small  dependence  on  microwave  power 
|5J,  the  only  bias  effects  which  can  couple  microwave 
power  Instability  to  frequency  variations  are  cavity 
pulling  and  Rabl  pulling.  In  this  work  experimental 
measurements  aro  reported,  which  support  this 
conclusion  by  the  analysis  of  power  sensitivity  as  a 
function  of  C-field. 
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In  fig, 3  typical  experimental  results  are  shown  of 
frequency  measurements  for  two  different  power  levels 
as  a  function  of  the  Zeeman  frequency.  These  results 
were  obtained  prior  to  cavity  tuning.  After  the  cAvlty 
was  carefully  tuned,  by  maximising  the  beam  signal 
below  «v*  the  same  measurements  were  taken  again  on 
the  same  standard.  Hie  results  obtained  In  this  case 
are  given  In  flg.A, 


Fig, l  F^perlmencal  results  for  the  Rabl  pulling  of  one 
of  the  standards  analysed,  before  cavity  tuning. 
Reported  relative  frequency  data  y  are,  measured 
residual  differences  from  ATI (KBS)  onee  C-fleld  and 
synthesizer  offsets  are  removed.  Dots  ore  points  taken 
at  optimum  microwave  power,  ami  crosses  are  points 
taken  at  about  IdR  above  optimum  power. 


only  causes  of  power  sensitivity,  the  latter  vanishes 
at  the  C- fields  Identified  by  (7).  In  fig. 3  (p,  Is  such 
that  the  two  curves  at  P,rv  and  *ldB  barely  touch  at  an 
extremum  around  35  kHz.  In  fig. A  tv,~0  and  the  two 
curves  cross  where  R(f,)-Q, 

It  Is  Interesting  to  point  out  that  in  flg.A  the 
frequency  at  these  aero  crossing  points  is  within  few 
pares  In  *0* *  of  ATI (KBS),  Soy,  would  1  like  to  go 
skiing  this  weekend*  Tills  confirms  the  Accuracy  budget 
given  In  Table  1,  showing  that  the  algebraic  sum  of  all 
biases  other  than  C-fleld  offset,  P.abi  pulling  and 
cavity  pulling  Is  not  substantially  greater  than  10’°. 

The  results  shown  In  flg.T  and  A  are  relative  to  a 
particular  standard  which  has  been  studied  In  depth, 
but  results  relative  to  all  the  standards  which  have 
been  tested  And  realigned  are  quite  similar. 


&JLattC  term  stability  measurements 

Long  term  stability  measurements  were  taken  at 
different  settings  (power  sensitivity  levels)  with  the 
standard  in  a  normal  laboratory  environment  (no  active 
temperature  stabilisation).  Temperature  variations  in 
the  room  were  estimated  to  be  about  a  Kelvin  rms  for 
the  dayly  excursions,  hut  maybe  half  that  much  in  the 
month  range,  without  ehange  of  season,  during  the 
measurements. 

In  fig. 5  the  flicker  floor  results  obtained  for 
the  standard  of  fig. 3  and  A  are  reported  as  a  function 
of  the  measured  power  sensitivity.  The  C-fleld 
corresponding  to  each  point  Is  Indicated  by  the  Zeeman 
frequency  In  kllx  which  labels  It.  The  point  at  S3  kiln 
Is  marked  by  an  asterisk  to  remind  chat  It  was  obtained 
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As  shown  In  (8),  C-fleld  values  for  which  cho 
power  shifts  due  to  Rnbl  pulling  and  cavity  pulling 
conpcnsato  exist  If  there  are  solutions  to  the  equation 


0he/3p 

R(ft)  - - 


Je, 


(7) 


p  3AR/3p  +  AR 


IQ 


where  p-P/Popl.  Assuming  that  those  two  effects  are  the 


Fig, 5  Measured  flicker  floor  levels  of  the  Allan 
Variance  of  one  of  tho  standards  analyzed,  os  a 
function  of  microwave  power  sensitivity.  The 
corresponding  Zeeman  frequency  is  indicated  In  kHz  on 
each  point.  Tho  dotted  lines  nbovo  and  below  the  solid 
lino  ore  examples  of  where  flicker  floor  valuos  may  be 
for  microwave  power  generators  more  and  less  stable 
than  the  one  of  ths  standard  under  test. 
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bofero  caraful  tuning  o£  th*  cavity,  anti  Is  plotted 
against  th*  corresponding  power  sensitivity  treasured 
prior  to  cavity  tune-up.  within  the  experimental  errors 
the  stability  points  appear  to  fit  nicely  on  a  straight 
line,  suggesting  proportionality  to  tslcrowave  power 
sensitivity  Into  the  10-Ii  range,  and  Indicating 
therefore  long  tern  power  variations  as  the  main  cause 
for  long  tens  frequency  Instabilities.  Ho  other 
processes  appear  to  Introduce  excess  long  tern 
Instability,  at  least  for  the  units  under  dlseusslon. 
with  the  resolution  afforded  by  the  measurement  time. 

The  dotted  lines  drawn  In  fig. 5  above  and  below 
the  experimental  points  are  to  remind  that  different 
harmonic  geneiatots,  with  a  different  flicker  level 
and/or  temperature  dependence  of  the  microwave  power, 
may  produce  better  or  worse  results  for  the  long  term 


mmA/Cau) 


meusj  -  an 
hjo  wn  -  mu 


LOS  tau  (Seconds) 


Meisss  -  an 

SXCMynaU)  HJO'S  IStM  -  list* 


is  1 - - - 1 - - - 1 - - - 1 - - - 1 

S  i  S  (  7 


LOS  Tau  (SecenHs) 

Fig. 6  Measured  A" Van  Variance  at  two  different  C-fleld 
settings  for  the  standard  of  Fig. 3  and  6.  The  curve  of 
a)  corresponds  to  53k)lz,  before  tuning  the  cavity,  and 
the  curve  of  b)  to  39kilz,  after  cavity  tuning. 


frequency  stability.  In  fact,  Improving  the  power 
stability  by  active  stabilisation  has  been  proposed  jl) 
as  a  mean  to  obtain  better  frequency  stability ,  before 
the  causes  of  power  sensitivity  were  understood.  Power 
stabilisation  Is  still  a  viable  solution,  however  the 
present  work  shows  that  power  sensitivity  can  be 
reduced  by  proper  alignment  to  a  point  where  existing 
harmonic  generators  In  the  free  running  mode  don't 
introduce  instabilities  mueh  greater  than  10***. 

The  Improvement  In  tong  term  stability,  with 
respeet  to  Its  Initial  conditions,  obtained  by 
operating  It  near  a  null  power  sensitivity  point  Is 
dramatically  shown  In  flg.Ca.b.  In  fig. 6a  is  the 
stability  of  the  standard  before  tune-up,  at  the  field 
corresponding  to  f,~SJ  kHz.  and  In  fig, 6b  Is  the 
stability  plot  after  tune-up,  at  J9  kHz.  where  a  zero 
crossing  of  ksbl  pulling  happens  to  be  (see  fig. a). 

The  best  stability  obtained  from  any  of  the 
realigned  standards  Is  shown  In  fig.?.  The  reference 
for  this  measurement  was  ATI (HAS),  to  which  the 
standard  under  test  was  not  contributing  at  the  time. 

It  may  be  worth  pointing  out  that  the  frequency  of 
this  stsndard  at  this  C-fleld  with  this  eavlty 
alignment  was  very  close  to  absolute  Cesium  frequency. 


tllAAy( TAU) 


MAIKl  -  ATI  (ft  •  IttHl.  y  •  -I.S7S*  l->») 
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Fig. 7  Measured  Allan  Variance  for  a  different  standard 
from  that  of  Fig.  3  and  6,  carefully  aligned  ac  an 
optimum  operating  point.  The  temperature  was  stabilized 
to  better  than  1  K  during  this  measurement.  The 
reference  was  the  ensemble  of  MBS  clocks,  to  which  cho 
standard  under  test  was  not  contributing  at  the  time. 


5  Conclusions 

In  this  paper  a  theoretical  and  experimental 
analysis  of  state  of  the  arc  commercial  Cesium  beam 
frequency  standards  Is  reported,  which  unambiguously 
Identifies  Rabl  pulling  and  cavity  pulling  as  the  main 
effects  which  can  cause  long  term  frequency 
Instability. 

It  has  been  shown  that  a  careful  alignment  of  the 
C- field  and  of  the  cavity  tuning  can  reduce  to  a  very 
small  level  the  power  sensitivity  of  the  standard  and 
improve  Its  long  term  stability  into  the  10“,s  range. 
This  shows  that  no  ocher  parameters  contribute  greater 
instabilities. 
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Previous  studies  Indicating  the  stability  of  the 
microwave  power  as  the  critical  psramcter  are  confirmed 
by  this  work,  although  the  role  played  by  phase  shifts 
In  producing  pover  sensitivity  Is  shoun  here  to  be 
«lnor.  ac  lease  in  shore  tubes,  contrary  to  the 
tentative  conclusions  of  (1). 

That  Rabl  and  cavltv  pulling  be  the  Important 
effects  Is  fortunate,  because  It  means  that 
considerable  improvements  In  long  term  stability  can  be 
achieved  by  reducing  power  sensitivity.  Tills  would  not 
have  been  possible  If  phase  shift  had  been  the  effect 
responsible  for  It.  In  fact  the  phase  shift  cannot  be 
changed  once  the  tube  Is  sealed. 

Careful  alignment  of  Cesium  bean  standards  as  done 
In  this  vork  was  performed  In  order  to  demonstrate  that 
today's  theoretical  understanding  of  such  devlees  la 
adequate,  and  that  a  major  Improvement  In  long  term 
stability  can  be  obtained.  The  adoption  of  this  kind  of 
alignment  as  a  routine  procedure  to  improve  standards 
in  the  field  can  nevertheless  he  advised,  although  the 
actual  implementation  may  he  somewhat  cumbersome. 

Tbe  drawbacks  of  such  a  solution  to  the  long  term 
stability  problem  must  also  he  kept  In  mind.  Here  are 
the  most  relevant: 

•  Operation  at  a  particular  8eeman  frequency  inhibits 
the  freedom  of  tuning  the  output  frequency  of  the 
standard  bv  adjusting  the  C* field. 

•  hong  term  instabilities  of  the  C* field  not  only 
change  the  corresponding  bias,  hut  also  reintroduce 
power  sensitivity. 

•  Variations  with  temperature  and  time  of  the  cavity 
tuning  produce  a  cavity  pulling  change,  and  relntroduee 
power  sensitivity, 

•  bong  term  variations  of  the  velocity  distribution  In 
the  beam  change  the  Rabl  pulling  curve  and  relntroduee 
power  sensitivity, 

•  Whenever  the  tube  Is  changed,  the  standard  must  he 
realigned  for  best  performance. 

As  a  result  of  the  first  four  points  It  Is  to  be 
expected  that  a  long  term  atabllltv  in  tbe  it)’**  range 
obtained  in  the  first  year  after  careful  alignment  may 
subsequently  sloulv  deteriorate  back  into  the  UP" 
range.  However  It  is  tbe  author's  feeling  that  It  is 
alwavs  well  worth  applying  the  alignment  procedure  to 
standards  which  perform  In  the  high  UP"  range. 
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Abstract 

An  optically  pumped  Cesium  beam  frequency  standard 
Is  being  developed,  based  on  the  Frequency  Electronics 
7101  Cesium  Tube.  The  HA“  and  "15“  magnets  of  the  7101 
tube  have  each  been  replaced  by  semiconductor  laser 
diodes.  The  microwavG  resonance  Is  detected  by 
monitoring  the  fluorescence  from  the  *8"  laser,  which 
Is  servo-locked  to  a  hyperflne  line  of  the  02 
transition  of  Cs. 

This  prototype  device  represents  the  first 
commercial  optically  pumped  atomic  beam  frequency 
standard.  Short  and  long  term  stability  performance  of 
this  device  is  discussed,  as  well  as  predicted 
performance  for  the  next  generation  device,  laser 
requirements  are  also  discussed  with  emphasis  on 
techniques  used  to  utilize  commercially  available 
semiconductor  lasers. 


Introduction 


Optically  Pumped  L'eslum  Beam  Frequency  Standard 

In  this  paper  we  report  on  the  development  of  an 
optically  pumped  cctlim  beam  frequency  standard  (OPCS), 
In  which  the  conventional  state  selection  ("A"),  and 
state  detection  (MBM)  magnets  are  replaced  by  optical 
state  selectors  and  state  detectors,  respectively. 

(See  Figure  1.)  This  concept  has  beer  investigated  by 
a  number  of  workers,  for  several  years. 1*3  Theoretical 
predictions,  as  well  as  In.tlal  experiments,  Indicate 
that  Improvement  or  several  orders  of  magnitude  In  the 
performance  of  Cs  bean  frequency  standards  is  possible 
with  such  a  technique. 


it  Is  our  goal  to  develop  a  comcrcially  viable 
frequency  standard  based  on  this  optical  pumping 
concept,  which  can  be  used  In  military  applications. 

In  order  to  meet  this  goal,  we  must  go  further  than  a 
laboratory  demonstration.  In  addition,  we  must  develop 
a  self  contained,  rugged  Instrument,  capable  of 
operating  In  severe  environments.  Minimization  of 
size,  weight  and  power  consumption,  while  maximizing 
reliability,  are  Important  design  goals.  Perhaps  most 
Importantly,  we  must  be  careful  to  utilize  technologies 
which  arc  readily  adaptable  to  a  manufacturing 
environment. 

The  performance  goals  for  the  optically  pumped 
cesium  beam  frequency  standard  being  developed  are 
summarized  in  Table  1. 


Table  1 


Accuracy: 

Short  tern  stability: 
Vibration: 

Shock: 


+/-  3  x  10*12  fren  .^ffC  w  RfcS’C 
ey(z)  ■  3  x  10*12/ 'JT* 

HIL-E-16400 

Mll-STO-167-l 

M11-S-901C 

MIL-E-5400  CUSS  1  (30g) 


Program  Background 


The  development  program  which  we  report  on  here 
had  its  Inception  in  1983  with  a  Joint  effort  between 
Frequency  Electronics,  Inc.,  and  the  national  Bureau  of 
Standards,  Time  and  Frequency  Division.  This  joint 
effort  started  with  experiments  at  the  BBS  facility  in 
Boulder,  CO,  in  which  commercial  Cs  beam  tubes 
manufactured  by  Frequency  Electronics  were  optically 
excited.  Two  Cs  beam  tubes,  designated  OPCS-1,  and 
OPCS-2  were  tested  at  liBS. 


etsiurt  ATONIC  RESONATOR 


FIGURE  I 

OPTICALLY  PUMPED  Cs  BEAM  RESONATOR 

ATOMS  ARE  CONVERTED  FROM  ONE  GROUND  STATE  LEVEL  TO 
THE  OTHER,  SO  NO  ATOMS  ARE  LOST  FROM  THE  BEAM. 
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The  OPCS-1  beam  tube  was  a  commercial  tube, 
modified  by  the  removal  of  the  A  and  0  magnets,  and  the 
addition  of  copper  gasket  vacuum  flanges.  The  flanges 
allowed  for  the  attachment  of  windows  so  that  optical 
pumping  radiation  could  be  externally  provided  and 
detected. 

The  OPCS-2  beam  tube  differed  from  OPCS-1,  in  that 
sapphire  windows  were  hard  sealed  to  the  Cs  tube.  The 
hard-seal  technology  was  considered  necessary  for 
coewcrclal  devices  in  which  good  vacuum  oust  be 
provided  for  a  number  of  years. 

Experiments  on  both  OPCS-1  and  OPCS-2  were 
performed  at  NBS,  in  which  the  Cs  beam  was  excited  from 
various  laser  sources.4  In  particular,  laser  diode 
excitation,  in  which  the  laser  linewldth  was  narrowed 
by  means  of  external  optical  elements,  was  performed. 

With  such  a  system  operating  as  a  laboratory  frequency 
standard,  short  term  frequency  stability  (Allan 
variance)  of  <  1  x  10'11/Vrwas  achieved  for  3  <t<104 
second*.  “  “ 

Design  Approach 

In  order  to  satisfy  the  requirements  discussed 
above,  we  have  established  several  design  guidelines 
which  have  been  adhered  to  in  the  present  development 
effort.  These  guidelines  have  a  substantial  impact  on 
the  results,  but  were  deemed  necessary  in  order  to  meet 
the  military  design  objectives. 

It  was  decided  that  only  modified,  Frequency 
Electronics,  Inc.  Cs  beam  tubes,  Hodel  No.  7101,  would 
be  used.  These  tubes  are  compatible  in  size  with  a  19- 
inch  rack  mount  system.  Furthermore,  the  7101  tube  has 
undergone  extensive  military  environmental  testing,  and 
therefore  represents  a  proven  design. 

As  a  second  guideline,  it  was  decided  to  use  only 
commercially  available  semiconductor  laser  diodes  as 
optical  pumping  and  detection  light  sources.  Other 
laser  sources,  su.:<i  as  dye  lasers  were  not  considered 
compatible  with  a  compact,  transportable  system. 
Similarly,  developmental  semiconductor  lasers,  without 
any  proven  production  history,  were  considered  to  be 
impractical  for  a  manufacturable  OPCS  device. 

Finally,  it  was  decided  to  try  to  minimize  the 
optical  components  between  the  laser  light  sources  and 
the  Cs  atomic  beam.  In  particular,  any  active  optics 
which  by  design  affect  the  lasing  dynamics  of  the  laser 
diodes,  were  considered  undesirable.  For  example, 
external  mirrors  or  gratings,  which  effectively  define 
a  laser  cavity  external  to  the  laser  diode  chip,  can 
result  in  beneficial  changes  in  the  laser  linewldth, 
noise,  and  tuning  range;  however,  this  is  at  the 
expense  of  mechanical  stability,  since  the  position  of 
the  elements  relative  to  the  chip  must  be  maintained  to 
an  extremely  high  degree  of  accuracy,  in  order  to 
produce  the  beneficial  results.  It  was  decided  that 
design  performance  based  on  such  mechanisms,  although 
relatively  easy  to  demonstrate  in  the  lab,  would  be 
difficult  to  duplicate  under  the  required  environmental 
stresses. 


Theoretical  Considerations 

The  theoretical  opera!  ion  of  OPCS  systems  has  been 
described  in  detail  by  other  authors. 2,3,6  jn  this 
section  we  review  only  those  aspects  relevant  to  the 
present  development  effort. 


Optical  Pumping 

We  consider  excitation  of  Cs  atoms  in  an  atomic 
beam  using  Oj  radiation  to  optically  pump  the  ground 
state  hyporflne  levels.  An  energy  level  diagram 
showing  the  relevant  transitions  is  presented  in 
Figure  2.  Although  other  excitations  (such  as  0} 
radiation)  are  possible,  it  has  been  shown  that  Dj 
excitation  is  the  most  promising.^  It  is  assumed  that 
whatever  light  source  Is  usco\  it  Is  able  to  resolve 
each  of  the  allowed  transitions  between  hyperftno 
levels. 

A  number  of  optical  pumping  schemes  have  been 
suggested,  for  both  pumping  and  detection  in  OPCS 
systems. 2, 3, 6  ihe  schemes  arc  summarized  In  Table  2. 
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In  single  laser  schemes,  the  same  laser  is  used  to 
both  pump  and  probe  the  cesium  beam.  It  is  important 
to  note  that  a  single  laser  scheme  using  a  laser  tuned 
to  the  4  ->  5  (cycling)  transition  is  quite  possible, 
even  though  no  hyperfine  optical  pumping  can  occur  for 
such  a  transition.5  Such  an  arrangement  works  because 
of  the  strong  Zeeman  alignment  produced  by  linearly 
polarized  radiation  tuned  to  this  transition.  Figure  3 
shows  typical  Zeeman  sublevel  distributions  for  atoms 
excited  by  4  ->  5  radiation.  Substantial  population 
differences  are  created  between  the  m  *  0  sublevels  of 
the  F  =  3  and  F  ■  4  hyperfine  multiplets,  and  hence  a 
clock  transition  signal  is  possible. 
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Table  2 

Pump  laser 

Probe  laser 

Transition 

Transition 

Ho.  of  lasers 

(F->F  * ) 

1 

4  -*  S* 

4  -+  S 

4  -*  4 

4  4 

4  -*  3 

4  3 

3  -*  4 

3  -+  4 

3  3 

3  -1-3 

3  -*  2 

3  -♦  2* 

2 

4  -*  4 

4  -*  5* 

4  ■»  3 

4  -*  5* 

3  -*  3 

3  -*  2* 

3  4 

3  2* 

3 

3  -*  3  and  4  ->  4* 

3  -■>  2* 

3  -p  ■)  and  4  4* 

3  -*  2* 

4  -»  3  and  3  -*■  3* 

4  ->  5* 

4  -p  4  and  3  3« 

4  -■>  5* 

♦Cycling  transition 


Figure  3  also  suggests  a  potential  problem,  since 
the  two  orthogonal  linear  polarizations  of  exciting 
radiation  produce  population  differences  between  the 
ra  ■  0  sublevels  of  opposite  signs.  Hence  a  light 
source  containing  an  admixture  of  polarizations  could 
result  In  a  cancellation  of  pumping  effects,  and 
accordingly  a  much  degraded  clock  signal. 


Other  single  laser  schemes,  as  well  as  the  2  and  3 
laser  sche&es,  depend  on  hyperfine  optical  pumping  to 
produce  a  population  imbalance  between  the  m  ■  0 
sublevels  of  the  F  ■  3  and  F  »  4  nultiplets  of  the 
ground  state.  However,  in  these  cases  it  is  also 
necessary  to  consider  the  effects  of  Zeeman  alignment, 
as  is  demonstrated  in  Figure  4,  for  radiation  tuned  to 
the  3  -►  3  transition.  In  the  figure  it  is  seen  that 
the  two  orthogonal  linear  polarizations  produce 
population  differences  of  opposite  sign  between  the 
m  ■  0  sublevels  of  F  ■  3  and  F  -  4.  This  tendency  is 
most  dramatic  for  radiation  tuned  to  transitions 
between  nultiplets  with  the  same  hyperfine  quantum 
number  {i.e.  3  -•*  3  or  4  -►  4);  in  which  case  *- 
radiation  cannot  excite  atoms  out  of  the  n  ■  0 
sublevel,  due  to  selection  rules.  The  effect  of 
alignment  is  still  a  problem,  but  to  a  lesser  extent, 
for  other  transitions. 

Saturation  Effects 

With  light  power  levels  typical  of  off  the  shelf 
laser  diodes,  it  is  possible  to  saturate  the  optical 
pumping  process.  When  this  happens,  the  noise 
associated  with  the  fluorescence  from  excited  atoms  can 
be  much  smaller  than  the  noise  on  the  exciting  laser. 

In  fact  it  is  easy  to  obtain  a  situation  in  which  the 
noise  on  the  fluorescence  is  totally  dominated  by  other 
sources  (such  as  detector  dark  noise,  or  Cs  beam  shot 
noise).  Such  conditions  arc  only  possible  for 
transitions  which  produce  hyperfine  optical  pumping. 

The  cycling  transitions  (4  5,  3  -■>  2)  are  not 

capable  of  being  saturated  in  the  same  sense. 
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Saturation  nakes  possible,  at  least  In  prlclple, 
the  operation  of  an  OPCS  system  In  which  laser  noise 
(either  amplitude  or  frequency)  Is  largely  Irrelevant.? 

This  Is  accomplished  by  choosing  a  one  or  two  laser 
pumping  scheme  in  which  each  laser  excites  a  saturable 
transition.  The  difficulty  with  such  a  system  in 
practice  arises  from  the  rather  low  light  levels  of  the 
Cs  beam  fluorescence.  Because  each  Cs  atom  in  the  beam 
produces  a  finite  number  of  fluorescent  photons 
(typically  M  photon/atom),  the  total  fluorescent  light 
intensity  is  small,  and  a  burden  is  placed  on  the 
fluorescence  detector  capabilities.  The  signal  to 
noise  ratio  of  such  a  system  is  not  necessarily  better 
than  other  systems  with  no  saturation,  even  though  the 
noise  level  is  very  low. 

Laser  Frequency  Stability 

Laser  diode  frequency  (wavelength)  is  very 
sensitive  to  both  the  forward  bias  current  and  the 
junction  temperature.  In  order  to  assure  that  the 
wavelength  of  the  laser  remains  tuned  to  a  single 
optical  transition  it  is  necessary  to  maintain  the  bias 
current  and  temperature  stable  to  a  very  high  degree  of 
accuracy. 

The  necessary  stability  is  most  easily  achieved  by 
servo-locking  the  laser  current  and  heat-sink 
temperature  via  the  optical  transition  of  interest. 
Typically  this  is  accomplished  by  locking  the  laser  to 
the  fluorescence  signal  from  the  Cs  beam. 


However,  there  arc  some  practical  disadvantages  to 
locking  lasers  directly  to  the  fluorescence.  First,  it 
is  only  possible  if  the  laser  is  very  narrow  in 
linewidth  and  very  low  noise;  otherwise  the 
fluorescence  signal  does  not  contain  resolved  peaks  to 
which  the  laser  can  be  locked.  Second,  even  if  the 
fluorescence  signal  contains  acceptably  resolved  peaks 
at  low  laser,  light, levels., it  does  not  necessarily  have 
resolved  peaks  at  higher  light  levels  necessary  to 
saturate  the  optical  pumping.  Since  saturation  is 
desirable  for  one  or  more  of  the  lasers  used,  it  can  be 
necessary  to  lock  the  laser  in  an  alternative  fashion. 
It  has  been  suggested,  as  an  alternative,  to  lock  the 
lasers  to  appropriate  peaks  in  the  saturated  absorption 
spectrum  of  a  Cs  gas  cell. 8. 9, 10  However,  under 
certain  circumstances  it  may  be  possible  to  lock  the 
lasers  to  the  simple  absorption  spectrum  of  a  Cs  gas 
cell.  Typically  the  simple  absorption  spectrum  is 
broadened  by  pressure  broadening  to  such  an  extent  that 
the  hyperfine  structure  of  the  excited  state  is  not 
resolved.  However,  the  broad  absorption  peak  can  be 
shifted  by  selecting  the  buffer  gas  pressure  in  the  gas 
cell,  such  that  the  peak  overlaps  the  desired 
transitions  in  the  atomic  beam.  Fine  tuning  of  the 
lock  point  can  be  accomplished  electronically  by 
injecting  a  stable  electronic  offset. 

In  a  gas  cell,  the  pressure  broadened  absorption 
linewidth  is  roughly  0.1  to  1.0  GHz  for  pressures  of  10 
to  100  torr  of  typical  buffer  gases  (such  as  argon, 
nitrogen,  and  helium).  Such  a  line  is  routinely 
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"split”  by  a  factor  of  loj,  yielding  a  frequency 
locking  capability  of  f  £  0.1  MHz.  The  linewidth  of 
Cs  atoms  in  an  atomic  beam  is  typically  f  n.  10  KHz. 
lienee,  it  should  be  possible  to  maintain  the  laser  in  a 
frequency  range  much  narrower  than  the  atomic  beam 
absorption  linewidth  by  locking  the  laser  to  a  Cs  gas 
cell  absorption  line.  Furthermore,  if  the  laser  is 
operated  in  a  saturation  condition,  as  described  above, 
then  the  atomic  beam  linewidth  is  broadened,  and  the 
stability  requirements  are  correspondingly  less 
severe. 

Experimental  Results 

Measurements  have  been  made  on  two  separate  Cs 
atomic  beam  tubes:  OPCS-2  and  QPCS-3.  In  both  cases  a 
number  of  different  laser  pumping  shccmcs  have  been 
investigated. 

Results  with  OPCS-2 

OPCS-2  is  a  self  contained  Cs  beam  tube,  with  an 
8  cm.  long  Ramsey  cavity,  and  two  sets  of  3  sapphire 
windows;  one  set  at  each  end  of  the  tube.  Two  windows 
at  each  end  allow  laser  light  to  enter  and  exit  along 
an  axis  perpendicular  to  both  the  Cs  beam  and  a 
constant  magnetic  field  (C-ficId)  which  encompasses  the 
entire  Ramsey  cavity.  The  third  window  at  each  end  of 
the  tube  is  located  near  the  focal  point  of  an 
ellipsoidal  mirror,  whose  axis  of  revolution  is  the  C- 
field  axis.  A  silicon  photodiode  detector,  with  a 
100  m2  active  area  is  placed  just  outside  this  third 
window,  in  order  to  detect  the  fluorescence  from  the 
atomic  beam. 

The  lasers  used  to  excite  this  tube  have  been  off 
the  shelf  laser  diodes  manufactured  by  Hitachi.  Most 
of  the  measurements  were  made  using  the  Hitachi  HtP- 
1400  device,  a  non-sealed  device,  with  an  output  level 
of  MO  milliwatts  at  the  O2  wavelength,  and  a  single 
mode  linewidth  of  M0  MHz.  Some  measurements  have  also 
been  made  using  the  Hitachi  HL8312A  device,  which  is 
identically  packaged,  but  capable  of  M5  n4J  at  the  Oz 
wavelength.  The  laser  intensity  at  the  atomic  beam  was 
controlled  for  each  laser  by  placement  of  neutral 
density  filters  in  the  light  path. 

Tilth  this  tube,  a  number  of  different  laser 
configurations  have  been  tested.  We  have  found  that 
the  noise  on  the  fluorescence  in  the  probe  region 
decreases  when  a  laser  causing  transitions  from  the 
same  ground  state  hyper fine  level  as  the  probe  laser  is 
incident  in  the  pump  region.  Similarly,  the  probe 
noise  increases  when  the  pump  laser  is  tuned  to  the 
opposite  ground  state  hyporfine  level.  These 
observations  are  reasonable,  since  in  the  former  case 
the  steady  state  probe  fluorescence  is  decreased  by  the 
pump  laser  presence,  whereas  in  the  latter  case  the 
probe  fluorescence  is  increased  by  the  pump  laser. 
Accordingly,  the  best  S/N  ratio  is  expected  to  occur 
when  the  lasers  in  both  regions  excite  atoms  from  the 
same  hyporfine  level. 

We  also  observe  empirically  that  saturation  of  the 
optical  pumping  process  in  the  pump  region  produces  a 
decrease  in  the  noise  on  the  fluorescence  signal  in  the 
probe  region.  This  observati,  n  also  seems  in  line  with 
expectations. 

However,  when  the  probe  laser  is  tuned  to  a  satu¬ 
rable  transition,  wo  are  unable  to  detect  any  decrease 
in  noise  level  on  the  fluorescence  signal  as  the  probe 
power  is  increased.  In  this  case  the  noise  floor  is 


independent  of  laser  power,  but  always  lower  than  for  a 
cycling  transition.  The  observed  noise  floor  is 
consistent  with  the  predicted  detector  noise.  Hence, 
we  conclude  that  the  very  weak  fluorescence  signal  (M0 
times  weaker  than  for  the  4  5  cycling  transition) 

contains  noise  which  is  overwhelmed  by  the  dark  noise 
of  the  detector. 

Based  on  the  measured  DC  fluorescence  in  this 
case,  and  assuming  that  the  noise  associated  with  the 
saturated  fluorescence  is  shot  noise,  we  estimate  that 
approximately  30  times  more  fluorescence  must  be 
detected  in  order  for  the  shot  noise  to  be  equal  to  the 
detector  noise.  Conversely,  a  decrease  in  detector 
noise  by  a  factor  of  30  would  produce  the  same  result. 
Although  improvements  in  fluorescence  collection  optics 
arc  possible,  careful  analysis  indicates  that  a  30 
times  improvement  is  very  unlikely  for  a  comerctal 
Instrument.  Similarly,  it  seems  unlikely  that  a  30 
times  improvement  in  detector  noise  could  be  achieved 
without  resorting  to  drastic  cooling  or  other 
techniques  Inconsistent  with  a  practical  field 
instrument. 

The  best  performance  with  the  OPCS-2  tube  has  been 
obtained  for  a  two  laser  configuration  in  which  the 
pump  laser  is  tuned  to  the  4  -■>  4  (0)  transition  and 
the  prube  laser  is  tuned  to  the  4  5  (0)  cycling 

transition. 

The  S/N  ratio  for  the  clock  signal  (detected  with 
a  phase  sensitive  detector  at  04  Hz)  with  this 
configuration  is  shown  in  Figure  5.  The  linewidth  of 
the  central  Ramsey  fringe  was  measured  in  this  case  to 
be  1200  Hz.  The  short  term  stability  predicted  from  a 
frequency  standard  operating  with  this  performance  is 
known  to  be  given  byil 

°*(t)  80(sk  (1,) 

■  5  x  lo-iwr 

We  have  also  operated  OPCS-2  In  a  configuration 
employing  2  pump  lasers,  in  an  attempt  to  optically 
pump  virtually  all  atoms  into  a  single  m  ■  0  sublevel. 
However,  the  results  of  this  effort  have  been 
disappointing  compared  to  the  predicted  improvement  of 
G  to  0  in  S/N  ratio. 5  We  believe  this  to  be  due  to  the 
totally  ambiguous  nature  of  the  polarization  of  the 
light  transmitted  through  the  sapphire  windows  of  this 
tube.  This  technique  depends  critically  on  one  laser 
being  tuned  to  a  3  -*  3  or  4  -■>  4  (*)  transition;  while 
the  polarization  of  the  laser  transmitted  through  the 
sapphire  windows  could  neither  be  measured  nor 
controlled  due  to  birefringence  of  the  window. 

The  OPCS-2  tube  was  constructed  with  awareness  of 
this  limitation  because  of  the  immediate  availability 
of  hard  seal  technology  for  sapphire  windows,  and 
accordingly  the  lack  of  expertise  with  hard-seal 
techniques  using  other,  non-birefringent  optical 
windows. 

Results  with  OPCS-3 

OPCS-3  is  very  similar  to  OPCS-2;  except  that  the 
Ramsey  cavity  is  12  cm.  long  instead  of  8  cm.,  and  the 
windows,  which  are  hard  sealed  to  the  tube  housing,  are 
all  made  from  optical  quality  fused  silica.  In  other 
respects,  the  two  tubes  are  virtually  identical. 
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Results  with  OPCS-2,  as  described  above,  had 
demonstrated  the  Importance  of  polarization-preserving 
windows,  and  hence  considerable  design  effort  was 
devoted  to  the  hard  scaled  fused  silica  windows. 
Producing  a  vacuum  tight  glass-to-metal  seal  proved  to 
be  straightforward;  however,  doing  so  without  inducing 
severe  stresses  in  the  glass,  which  in  turn  induced 
birefringence,  proved  to  be  a  greater  challenge. 

A  workable  solution  was  eventually  found,  but  in 
order  to  save  time  the  windows  which  wore  installed  in 
OPCS-3  were  not  anti-reflection  coated  on  the  atomic 
beam  side  as  had  been  the  case  for  OPCS-2.  We  did  not 
expect  this  to  be  an  overwhelming  problem,  as  results 
with  OPCS-2  had  shown  that  scattered  light  was  never  a 
dominant  noise  source.  In  fact,  detector  noise  proved 
a  limiting  factor  in  OPCS-2  rather  than  scattered 
light.  Rough  estimates  indicated  that  a  factor  of  two 
increase  in  scattered  light  in  OPCS-3  compared  to 
OPCS-2  would  still  result  in  a  situation  in  which 
detector  noise  dominated.  Coated  optics,  and  some 
other  design  improvements  were  postponed  to  the  next 
generation:  OPCS-4. 

At  the  time  of  this  writing,  only  preliminary 
measurements  have  been  made  on  OPCS-3.  Although  as 
expected  the  scattered  light  intensity  is  greater  than 
with  OPCS-2,  it  does  not  appear  to  dominate  the  noise, 
even  when  tuned  to  a  pumping  transition  with  a 
relatively  low  level  of  fluorescence. 

Oecause  the  windows  in  OPCS-3  are  polarization 
preserving,  this  tube  represents  the  first  meaningful 
test  bed  for  two  laser  pumping  techniques.  We 
anticipate  an  improvement  of  v6  in  the  S/fl  ratio  of  the 
clock  signal  due  to  this  effect.  (An  8  times 
improvement  is  predicted  if  one  assumes  that  all  atoms 
can  be  pumped  into  a  single  Zeeman  sublevel.  However, 
optical  alignment,  as  discussed  above,  decreases  that 
actual  performance  slightly.**) 

An  overall  improvement  of  in  Allan  Variance  is 
expected  from  OPCS-3,  since  the  increased  microwave 
interaction  length  should  reduce  the  linewidth  of 


OPCS-3  compared  to  OPCS-2  by  the  ratio  of  interaction 
lengths  (2:3). 


Future  Measurements 

OPCS-3 

As  indicated  above,  we  expect  to  achieve  a  9  times 
improvement  in  Allan  Variance  with  OPCS-3  compared  to 
OPCS-2,  or 

c»y{  t)  ^  s  x  io-12/i/rr 

Of  course  this  value  is  based  on  a  calculation  using 
the  S/tt  ratio  and  linewidth,  and  hence  docs  not  include 
any  potential  drift  effects  due  to  the  lasers. 

Therefore  it  is  very  important  to  perform  actual 
measurements  of  the  system  operating  as  a  frequency 
standard  for  extended  periods  of  time.  Such 
measurements  are  presently  planned  for  OPCS-3. 

OPCS-1 

Although  it  is  somewhat  premature,  the  next 
generation  tube  is  already  on  the  drawing  board. 
Modifications  based  on  the  results  with  OPCS-3  will  be 
implemented.  In  addition,  the  diamond-turned  aluminum 
mirrors  used  in  OPCS-2  and  OPCS-3  will  be  replaced  by 
gold-overcoated  A1  mirrors,  which  should  enhance 
reflectivity  by  at  least  10*. 

Summary 

Development  of  a  commercial  optically  pumped  Cs 
beam  frequency  standard  is  in  progress.  Performance 
has  already  been  achieved  which  corresponds  to  a  short 
term  stability  of 

Uy(t)  5  x 

Improvements  which  are  in  proces  suggest  that  better 
than  an  order  of  magnitude  improvement  is  possible  to 

oy(i)  -v  3  x  lO-lZ/YTT 

This  performance  is  possible  using  a  compact  '"s 
beam  tube  which  has  undergone  extensive  environmental, 
as  well  as  performance  testing  in  its  non-optical  form. 
Furthermore,  this  performance  can  be  achieved  with 
present,  comnercial,  off  the  shelf  laser  diode 
technology.  It  does  not  require  the  implementation  of 
"active"  optics  which  might  put  severe  constraints  on 
the  ruggedness  of  any  instrument. 

It  must  be  emphasized,  however,  that  such 
performance  -  although  superior  to  competing  magnetic 
state  selection  devices,  would  be  limited  by  laser 
diode  noise  which  is  orders  of  magnitude  above  the  Cs 
beam  shot  noise  limit.  Accordingly,  improvements  in 
laser  noise  hold  the  promise  of  even  much  better 
performance  than  predicted  above. 
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Abstract 


Introduction 


A  radiation  hardened  Rubidium  Frequency  Standard 
(RFS)  has  been  developed  for  the  HILSTAR  satellite 
system.  Each  satellite  contains  four  Rb  standards:  1 
active,  and  3  redundant  units.  The  four  RFS  units  must 
provide  3-yoar  shelf  life  plus  10-year  operation  with  a 
probability  of  success  of  0.9996.  This  very  severe 
reliability  requirement  is  met  by  incorporating  several 
key  features  in  the  new  design. 

Highest  component  reliability  is  obtained  by  using 
space  qualified  hybrid  circuitry  for  over  80S  of  the 
electronics,  and  survivability  is  assured  through  a 
design  which  minimizes  effects  of  radiation  sensitive 
parameters  such  as  offset  voltages,  and  incorporates 
radiation  hardened  components  where  necessary. 

Lamp  and  resonance  cell  reliability  arc  assured 
through  quantitative  analysis  of  Ro  metal  content  in 
each  cell  using  differential  scanning  calorimetry.  In 
addition,  a  long  term  aging  program  has  been  es¬ 
tablished  to  measure  Rb  consumption  rates  in  cells,  as 
well  as  randan  failure  rates. 

This  program  represents  the  first  effort  to 
determine  quantitative  reliability  figures  for  Rb 
vacuum  cells. 


A  passive  rubidiun  frequency  standard  (RFS)  is 
being  developed  for  the  satellite  constellation  of  the 
HILSTAR  connunicutlon  system.  This  satellite  communi¬ 
cation  system  is  designed  to  have  a  10-ycar  operational 
life  in  space,  and  is  to  be  hardened  against  well 
defined  nuclear  radiation  (anti-satellite)  threats. 

Reliability 

The  reliability  of  the  RFS  subsystem  on  each 
satellite  is  required  to  be  sufficient  to  insure  a 
successful  operational  mission  life  of  10  years,  with  a 
probability  of  success,  Ps,  of  0.9996.  This  reli¬ 
ability  must  be  achievable  after  the  subsystem  has  been 
stored/tested  in  a  ground  cnviroiment  for  3  years.  To 
satisfy  this  ••equiroment  with  a  single  RFS  unit  would 
require  a  mean-tinc-bctwcen  failures  (HTOF)  of  58,000 
years.  We  decided  to  develop  a  subsystem  consisting  of 
four  RFS  units;  one  operational  and  three  standby 
redundant  units.  Figure  1  shows  an  outline  drawing  of 
this  RFS  subsystem. 


FIGURE  1 

OUTLINE  DRAWING  SHOWING  A  SATELLITE 
SYSTEM  OF  FOUR  RFS  UNITS. 
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Nuclear  Hardening 

The  RFS  subsystem  must  survive  anti-satellite 
nuclear  threats.  In  principle  the  RFS  is  well  suited  to 
this  requirement,  since  the  hyperfinc  frequency  of 
Rb8?  which  is  detected  in  such  a  device  is 
insensitive  to  nuclear  radistion.  However,  care  must  be 
taken  in  the  design  to  insc  c  t.  ,t  other  sensitivities 
arc  not  induced  by  the  radiation. 

Design  Approach 

A  simplified  block  diagram  of  a  MllSTAR  RFS  unit  is 
shown  in  Figure  2.  The  5  MHz  output  of  a  voltage 
controlled  crystal  oscillator  is  internally  multiplied 
and  mixed  with  a  synthesized  frequency,  also  derived 
from  the  5  MHz  output.  The  resulting  frequency 
( 6.84  GHz)  is  used  to  excite  a  microwave  cavity  in 
which  is  located  a  gas  cell  containing  Rb07.  ugiit 
from  a  Rb8'  RF  discharge  lamp  is  passed  through 
this  cell  and  the  transmitted  light  is  monitored  with  a 
photodiode.  A  transmitted  light  signal  is  generated  by 
frequency  modulating  the  6.84  GHz  cavity  excitation  at 
a  signal  frequency  of  450  Hz.  This  signal  is  detected 
in  a  phase  sensitive  detector  (PSD),  the  output  of 
which  describes  (as  a  function  of  the  exact  5  KHz 
frequency)  a  dispersion  curve.  The  output  of  the  PSD 
is  integrated  and  electronically  fed  back  tu  the 
voltage  control  input  of  the  VCXO,  effectively  locking 
the  crystal  oscillator  to  the  Rb8?  hyperfinc 
frequency. 


The  crystal  oscillator  is  being  designed  and  built  at 
Frequency  Electronics.  In  order  to  stay  within  the 
lock  range  of  the  Rb  system  this  crystal  oscillator 
must  employ  a  State  of  the  art  premium  Q  swept  SC  cut 
quartz  crystal,  with  extremely  low  aging 
characteristics  (less  than  1  x  10-H/day). 

In  order  to  meet  the  reliability  requirements, 
Frequency  Electronics  has  undertaken  an  RFS  development 
effort  focused  on  two  fronts.  The  electronics  has  been 
designed  so  that  most  of  the  major  circuitry  can  be 
packaged  into  hybrids  which  allow  for  greatly  reduced 
size  and  weight,  as  well  as  increased  reliability. 

(See  Figure  3.)  Table  1  shows  the  subassembly 
breakdown  of  a  single  RFS,  with  the  corresponding 
hybrid  circuit  usage.  This  compact  packaging  also 
opens  up  space  for  the  additional  circuitry  necessary 
for  radiation  hardening. 

The  second  front  consists  of  the  development  of  Rb 
cells  capable  of  lasting  at  least  the  required  10  year 
life.  Cell  life  has  been  demonstrated  to  be  the 
limiting  failure  mechanism  for  RFS  units  flown  on 
Kavstar  GPS  Satellites.*  Hence  we  have  devoted 
considerable  effort  to  quantifying  the  aging  parameters 
of  cells,  and  in  particular  the  RF  discharge  lamp 
cells,  used  in  the  RFS. 
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MILSTAR.  RUBIDIUM  FREOUEHCY  STD 
MODEL  FE.5<*OIA> 
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SIMPLIFIED  BLOCK  DIAGRAM  OF  RFS  SYSTEM 
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FIGURE  3 

TYPICAL  HYBRID  CIRCUIT  PACKAGE.  1H1S 
PARTICULAR  HYBRID  COHTAIIIS  THE  PRE- AMPLIFIER 


AHD  C-FIELD  CIRCUITRY, 
THE  PHYSICS  PACKAGE. 


Design  Details 

Radiation  Hardening 

In  order  to  insure  survival  of  the  RFS  from 
anti-satellite  nuclear  events,  the  conventional  design 
concepts  must  be  significantly  modified.  Even  though 
Rb  is  inherently  radiation  insensitive,  care  must  be 
taken  to  assure  that  the  thermal,  optical,  and 
electrical  operating  conditions  do  not  change 
significantly  in  response  to  the  radiation.  Although 
it  is  beyond  the  scope  of  this  report  to  detail  all  of 
the  corresponding  design  modifications,  we  review  the 
important  trouble  spots  in  the  following  paragraphs. 

Radiation  Hardening  in  the  Physics  Package 

The  physics  package  contains  the  Rb  cells  and  the 
optical  detection  system.  (See  Figures  A,  5.)  Care 
must  be  taken  to  insure  that  optical  elements  (lenses. 


AHD  IS  LOCATED  INSIDE 


windows)  are  not  adversely  darkened  by  radiation.  This 
could  cause  radiation  induced  frequency  shifts,  because 
of  the  light  shift  effect. 2  Optical  materials  have 
been  chosen  which  are  Insensitive  to  radiation;  such  as 
aluminosilicate  glasses  and  sapphire. 

Also  in  the  physics  package,  steps  have  been  taken 
to  insure  that  the  oven  control  temperatures  are  not 
affected  by  radiation.  This  requires  the  selection  of 
control  thermistors  whose  resistance  is  insensitive  to 
radiation. 

The  constant  magnetic  field  (C-field)  which  is 
applied  to  the  Rb  atoms  in  the  resonance  cell  in  order 
to  tune  the  lock  frequency  of  the  RFS  is  referenced  to 
an  oven  stabilized  zener  diode.  The  zener  diode  has 
been  specially  fabricated  and  tested  to  insurp 
insensitivity  to  radiation.  Ultimately,  the  C-field 
zener  represents  the  primary  limiting  to  factor 
radiation  performance. 
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TABLE  1 

HYBRID  USAGE  -  MILSTAR  RFS 


DESIGNATION 

SUBASSEMBLY 

HYBRID  OTY 

HYBRID  TYPE 

A! 

Physics  Package 

2 

2 

A2 

Rubidium  Electronics 

2 

2 

A3 

Frequency  Update 

5 

2 

A4 

ocvcxo 

5 

3 

A5 

Power  Supply 

1  • 

1 

A6 

EMC/SGEMP  Interface 

0 

0 

TOTALS 

15 

10 
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FIGURE  4 

FUNCTIONAL  BLOCK  DIAGRAM  OF  THE  RFS 
PHYSICS  PACKAGE. 


Finally,  the  photo  detector,  a  silicon  photo  diode 
used  to  detect  the  Rb  signal,  must  be  carefully 
selected.  Neutron  radiation  tends  to  increase  the 
leakage  current  of  such  devices,  which  can  Increase  the 
noise  superimposed  on  the  signal  unless  the  detector 
noise  is  sufficiently  snail  in  the  pre- irradiated 
state.  A  photo  diode  with  sufficiently  high  shunt 
impedance,  before  and  after  radiation,  has  been 
selected. 


Radiation  Hardening  ef  Servo  Electronics 

Several  potential  problems  in  the  servo- 
electronics  must  be  protected  against.  The  performance 
limiting  problem  turns  out  to  be  the  permanent  offset 
voltage  error  induced  on  the  integrator  input.  This 
appears  as  a  shift  in  the  Rb  frequency.  This  problem 
has  been  minimized  by  choosing  components  with 
extremely  small  quiescent  and  radiation  induced 
offsets. 


« 
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FIGURE  5 


RFS  PHYSICS  PACKAGE,  WITH  COVER  REMOVED. 


Although  lesser  problems,  changes  in  the  gain  and 
phase  shift  of  the  active  elements  of  the  servo  loop 
must  be  considered.  The  choice  of  parameters  must  be 
made  to  minimize  these  effects. 

Also  of  concern  is  the  possibility  of  loss  of  lock 
during  irradiation  due  to  rapid  loss  of  charge  on  the 
integrator  capacitor.  This  effect  has  been  minimized 
with  proper  choice  of  series  resistors  which  act  to 
increase  the  RC  time  constant  of  the  effective 
discharge  circuit  during  Irradiation. 

Rb  Cell  Reliability 

Past  studies*  have  shown  that  Rb  metal  diffuses 
over  time  into  the  walls  of  its  container  until 
eventually  no  free  Rb  is  left  to  form  a  vapor.  When 
this  happens  in  one  of  the  Rb  cells  in  the  RFS,  the 
device  is  no  longer  capable  of  functioning  properly. 
Fortunately,  the  diffusion  process  is  very  slow  in  the 
resonance  and  filter  cells  of  the  RFS,  and  does  not 
present  a  major  problem.  However,  in  the  RF  discharge 
lamp,  the  presence  of  the  discharge  greatly  enhances 
the  diffusion  process,  thereby  shortening  the  lamp 
lifetime.  Complete  diffusion  of  free  Rb  metal  into  the 
lamp  cell  walls  has  been  shown  to  be  the  cause  of  lamp 
failure  in  RFS  devices  launched  as  part  of  the  GPS 
satellite  program.1 


In  order  to  insure  adequate  lifetine  of  Rb  lamps 
in  the  HILSIAR  program,  Frequency  Electronics  has 
initiated  on  extensive  measurement  program.  Twelve 
lamps  are  continuously  monitored  as  part  of  a  program  to 
measure  Rb  diffusion  as  a  function  of  time.  (See  Figure 
G.)  At  periodic  Intervals,  the  free  Rb  content  of  each 
of  the  bulbs  is  measured  by  differential  scanning 
calorimetry  (DSC) . (See  Figure  7.)  Based  on  these 
measurements,  extending  over  a  two  year  period  of  time, 
an  adequate  characterization  of  the  diffusion  process  is 
expected.  This  should  allow  for  the  definition  of  a 
reliable  minimum  Rb  fill  requirement  in  flight  lamps. 

The  measurement  program  is  necessary  because  a  gross 
overfill  of  Rb  in  the  lamp  has  been  shown  to  result  in 
erratic  behavior,  which  generally  is  sensitive  to  shock 
and  vibration  (due  to  metallic  Rb  moving  ir  ide  the 
lamp).  Hence  a  minimum  fill  requirement  is  established 
from  the  DSC  measurements,  and  a  maximum  fill  is 
established  based  on  stability  requirements. 

At  the  time  of  this  writing  7  months  of  diffusion 
data  have  been  taken.  A  typical  plot,  showing  a  fit  of 
the  free  Rb  mass  to  a  v  t  diffusion  expression,  is 
shown  in  Figure  8.  An  extrapolation  cf  this  fitted 
curve  inidcates  that  about  120  micrograms  of  Rb  would 
diffuse  into  the  lamp  surface  during  a  10  year  period 
of  time.  Accordingly,  tests  show  that  up  to  1,000 
micrograms  of  Rb  can  be  placed  inside  the  lamp  without 


FIGURE  6 

b.  PHOTOGRAPH  OF  A  Rb  LAMP  CELL. 
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TYPICAL  DSC  SCAN  SHOWING  THE  PEAK 
CAUSED  BY  THE  MELTING  OF  Rb. 


figure  a 

MEASURED  MASS  OF  FREE  Rb  HI  A  LAMP  CELL 
VS.  TIKE.  THE  LINE  DRAWN  THROUGH  THE  DATA 
IS  A  LEAST  SQUARES  FIT. 


inducing  instabilities.  Hence,  it  appears  that  lamp  Rb 
fills  capable  of  insuring  stable  operation  over  the  10 
year  operational  lifetime  of  the  satellite  system  can 
be  easily  provided,  with  plenty  of  safety  margin. 

In  addttion  to  failure  caused  by  Rb  diffusion, 
lamps  can  conceivably  fail  due  to  other  causes.  For 
instance,  over  time  cracks  could  develop  in  the  glass 
which  eventually  cause  a  leak,  with  rapid  loss  of  Rb 
from  the  cell  then  taking  place.  All  such 
unpredictable  failure  mechanisms  are  lumped  together  as 
random  failures. 

It  is  believed  that  random  failures  of  Rb  lamps 
and  Rb  cells  are  extremely  rare  for  properly 
manufactured  parts.  However,  it  is  impossible  to  rule 
out  such  failures  for  most  previously  run  RFS  systems, 
since  only  very  incomplete  data  has  existed  regarding 
the  initial  conditions  of  the  various  cells.  Some  of 
the  GPS  failures,  for  instance,  could  be  due  to  random 
failures;  even  though  the  evidence  suggests  that  Rb 
diffusion  caused  the  failures. 

A  test  fixture  containing  20  carefully  controlled 
and  monitored  Rb  lamps  has  been  operated  since  January 
of  1987,  in  an  effort  to  establish  unambiguous  random 
failure  data.  Table  2  shows  the  upper  bound  random 
failure  rate  numbers  which  correspond  to  various 
failure  free  operating  times.  It  is  projected  that 
between  60  and  80  bulb  years  of  data  will  exist  before 
the  first  units  are  flown  in  the  HILSTAR  program. 


Development  Tests 

A  breadboard  system  incorpo. ating  all  the  major 
design  innovations  has  been  tested,  in  addition  to  more 
detailed  testing  of  all  subcircuitry  modules.  Typical 
Allan  variance  data  for  the  breadboard  system  is 
presented  in  Figure  9,  and  ay  vs.  time  plot  is 
presented  in  Figure  10. 

Proof  of  design  hybrids  have  already  been  built 
and  tested  for  nearly  50X  of  the  hybrids  used  in  the 
RFS.  (See  Figure  3.)  The  rest  of  the  hybrid  circuits 
are  in  process  and  will  be  fully  tested  by  the  end  of 
1987. 


Summary 

A  space  qualified,  radiation  hardened  rubidium 
frequency  standard  has  been  developed  for  the  HILSTAR 
satellite  communication  system.  Special  attention  has 
been  devoted  to  reliability  in  the  design  of  this  RFS, 
in  order  to  assure  a  ten  year  lifetime  with  very  close 
to  100%  confidence. 

! 


Radiation  testing  has  been  perionned  on 
perfonnance  limiting  components,  such  as  the  ploto 
diode,  integrator  operational  amplifier,  and  C-fleld 
toner  diode.  Based  on  the  results,  we  are  confident 
that  the  present  design  will  achieve  its  goals. 
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TAUuE  2 


LAMP  RANDOM  FA  I  LURK  RATE  VS.  TEST  TIME 

THIS  TADLE  TAKES  INTO  ACCOUNT  410,000  HRS.  OF 
FAILURE  FREE  OPERATION  DOCUMENTED  FROM  PREVIOUS 
RFS  UNITS.  FAILURE  RATES  ARE  GIVEN  IN 
FAILURES  PER  MILLION  HOURS  OF  OPERATION. 


TEST  TIME 
! HULD  YEARS) 

(.9  CONFIDENCE) 

(0  FAILURES) 
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FIGURE  9 

ALLAH  VARIANCE  OF  THE  BREADBOARD  RFS. 
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FIGURE  10 

FRACTIONAL  FREQUENCY  ERROR  (y)  OF  HIE 
UREAOOOARO  RFS. 


An  expensive  program  to  ncasure  failures  In  Rb 
lamps  has  been  Initiated,  which  should  result  in  the 
first  dependable  random  failure  rate  statistics  for  such 
components.  Furthermore,  it  has  been  demonstrated  that 
lamps  can  be  easily  manufactured  to  meet  the  10  year 
life  requirement  without  danger  of  premature  wear  out 
due  to  Rb  diffusion. 

Breadboard  and  suo-circuit  level  testing  have  been 
sucessfully  performed  on  the  RFS  design.  An 
engineering  model  RFS,  which  is  to  be  a  fora,  fit,  and 
function  model  of  the  flight  unit,  is  being  assembled 
at  present,  and  will  undergo  testing  before  the  end  of 
1937.  Flight  units  are  expected  in  early  19B9. 
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Summary 

Ten  atonic  hydrogen  masers  are  being  provided  by 
Sigma  Tau  Standards  Corporation  (or  the  Very  Urge 
Raseline  Array  (Vt.RA),  a  system  of  ten  radio  telescopes 
under  construction  for  deployment  in  locations  stretch¬ 
ing  from  Hawaii  to  the  Virgin  islands.  Radio  astro¬ 
nomical  observations  using  the  method  of  Very  long 
baseline  Interferometery  (VUll)  are  aneng  the  most 
demanding  applications  of  frequency  stand *rds, 
requiring  the  best  stability  and  spectral  purity  of 
signals  for  the  telescope  local  oscillators  to 
maintain  phase  coherence  ac  microwave  frequencies 
over  intercontinental  distances. 

Features  which  Improve  the  stability,  operating 
life,  reliability  and  field  utility  of  the  masers 
include  automatically  tuned  maser  cavities  using  a 
technique  which  does  not  require  a  separate  reference 
standard,  remotely  progranable  phase  coherent  receiver 
synthesisers  giving  fractional  frequency  resolution  of 
5  parts  in  10  to  the  17th,  field  replaceable  vacuum 
pumps  with  extremely  long  life,  32  multiplexed 
channels  of  remotely  addressable  analog  Instrumental 
data  and  redundant  AC  and  DC  power  supplies  with 
battery  back  up.  The  maser  is  contained  in  one 
compact  package  measuring  46  cm  (18  in)  wide  by 
76  cm  (30  in)  deep  by  107  cm  (42  in)  high,  uses  less 
than  75  watts  of  internal  DC  power  and  weighs  238  kg 
(525  lb),  including  batteries  for  16  hours  (max)  of 
operation. 

VISA  Requirements 

Following  is  a  brief  summary  of  the  specifications 
and  performance  goals  which  the  VMJA  masers  must 
satisfy. 

Frequency  Stability.  In  radio  interferometry  the 
signals  received  from  distant  extraterrestrial  sources 
at  each  remotely  located  antenna  Arc  heterodyned  with 
individual  stable  local  oscillators  and  the  IF 
frequencies  arc  recorded  magnetically  for  later  cross 
correlation  by  computer.  The  most  important  require¬ 
ment  for  surccssful  results  is  that  the  frequency 
standards  driving  the  local  oscillators  contribute 
negligibly  to  the  phase  noise  over  the  period  of  tbo 
observations.  The  wide  band  phase  noise  for  the  VbBA 
masers  is  specified  to  be  less  than  .6  picoseconds  rms 
for  the  maser  100  MHz  outputs  and  the  frequency 
stability  goal  is  7  x  10“'^  for  one  second  measuring 
intervals,  decreasing  as  the  square  root  of  tine.  For 
longer  term  measuring  intervals  of  1,000  to  10,000 
seconds  the  stability  goal  is  2  x  10"*5. 

Other  Requirements.  The  VLBA  masers  are  to  be 
used  at  Isolated  installations  with  a  minimum  of 
operational  attention;  all  normal  operations  shall  be 
automatic  or  be  controlled  remotely  through  a  Monitor 
and  Control  (MAC)  Interface  system.  The  maser  stand¬ 
ards  must  have  two  5  MHz  outputs  with  90  db  Isolation 
and  two  100  MHz  outputs  with  a  minimum  of  70  db 
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isolation.  The  outputs  must  be  controllable  in 
frequency  with  a  resolution  of  1  x  10“i6. 

The  masers  should  operate  within  specification  in 
the  temperature  range  of  lltCtol1iC  with  a  temperature 
coefficient  of  less  than  3  parts  In  10  to  the  14th 
per  *C.  The  sensitivity  to  ambient  magnetic  field 
variations  must  be  less  chan  2  parts  In  10  to  the 
13th  for  a  change  In  Held  of  £  1  gauss.  Other 
effects,  such  as  atmospheric  pressure  changes, 
humidity,  vibration  or  powerline  variations  should 
not  affect  maser  performance  more  chan  1  part  in  10 
to  the  14th.  In  general,  the  masers  are  to  operate  In 
a  normal  laboratory  environment  but  should  be  rugged 
enough  and  portable  enough  to  withstand  commercial 
shipment.  The  masers  and  maser  sub-systems  must  be  in 
one  self  contained  package.  The  specified  power 
supply  Is  either  22  to  30  volts  DC  or  105  to  120  VAC 
with  less  than  500  watts  Input. 

The  VUIA-112  Hydrogen  Masers 

General  Configuration.  The  Sigma  Tau  Standards 
Corporation  Vi.HA-112  atomic  hydrogen  maser  frequency 
standard  is  an  active  oscillator  with  a  natural  out¬ 
put  frequency  of  1,420, 405, 751. xxxx  Hz  which  is  derived 
from  quantum  transitions  between  two  of  tbe  "hyperfine" 
levels  of  tbe  ground  electronic  state  of  atomic 
hydrogen.  This  is  the  famous  21  cm  line  of  atomic 
hydrogen. 

The  maser  operation,  in  brief,  is  as  follows: 
Molecular  hydrogen  Is  supplied  from  a  small  storage 
bottle  and  passes  via  an  electronic  pressure  control 
servo  to  an  RF  source  discharge  bulb  where  cbe 
molecules  ore  separated  into  atoms.  Atoms  emerge 
from  the  source  through  a  small  elongated  bole,  the 
source  collimator,  and  then  pass  through  a  magnetic 
"state  selector"  which  directs  a  beam  of  atoms  in  cbe 
correct  quantum  state  to  a  teflon  coated  quartz 
storage  bulb.  The  bulb  is  located  within  a  micro¬ 
wave  cavity  which  is  resonanc  ac  cbe  hydrogen 
transition  frequency  and  CU  emission  from  the  atoms  is 
produced  by  maser  action.  Tower  is  coupled  from  the 
cavity  by  a  small  coupling  loop  and  is  transmitted  U 
the  receiver -synthesizer  system  through  a  coaxial 
cable. 

A  low  noise  heterodyne  receiver  system  is  used 
which  contains  a  high  resolution  frequency  synthesizer 
and  a  voltage  controlled  crystal  oscillator.  Subse¬ 
quent  integral  multipliers,  dividers  and  buffer  am¬ 
plifiers  provide  several  well  isolated  outputs  at 
standard  frequencies.  To  provide  the  proper  environ¬ 
ment  for  maser  action  to  occur  and  to  minimize  system¬ 
atic  perturbations  of  the  maser  output  frequency,  the 
maser  is  maintained  under  high  vacuum  by  sputter-ion 
pumps,  which  also  getter  the  hydrogen.  The  cavity  is 
also  surrounded  by  a  set  of  magnetic  shields  and 
isolated  by  a  multilevel  thermal  control  system.  An 
axial  magnetic  field  coil  provides  for  control  of  the 
internal  magnetic  field,  and  a  single  turn  coll  plac'd 
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Figure  1.  The  VMM-112  Hydrogen  Hauer. 


transversley  about  the  cavity  provide*  a  means  of 
measurement  of  the  field  by  the  "Zeeman  frequency" 
Method. 

One  of  the  unique  and  laportant  features  of  the 
VMM  masers  Is  the  Incorporation  of  an  automatic  fre¬ 
quency  control  oystea  to  maintain  the  cavity  at  a 
constant  frequency  relative  to  the  hydrogen  emission 
line.  This  Is  a  stand-alone  system  and  does  not 
require  periodic  source  pressure  changes  or  a 
separate  frequency  reference  as  used  in  tho  tradi¬ 
tional  spin-exchange  method  of  cavity  tuning.  This 
system  and  many  other  features  of  the  VMM  masers  are 
discussed  In  core  detail  in  References  2  and  3. 

Maser  Design  Description.  Figure  1  1*  a  picture 
of  the  VMM  maser  and  Figures  2  and  3  are  line  draw¬ 
ings  Illustrating  the  arrangement  of  the  parts  and 
controls.  These  masers  differ  from  previous  develop¬ 
mental  masers  produced  by  Sigma  Tau,  described  In 
References  2  and  3.  In  several  ways  although  they  are 
fundamentally  similar.  In  the  present  design  more 
actendon  has  been  given  to  electronic  packaging, 
placement  of  sub-systems  and  controls  in  convenient, 
replaceable  modules,  more  use  of  printed  circuits,  and 
other  details  to  facilitate  maintenance  and  repair. 
There  are  two  hydrogen  Ion  pumps,  each  with  an  esti¬ 
mated  life  of  over  10  years,  and  a  separate  Ion  pump 
for  regions  surrounding  the  source  and  storage  bulb 
which  Isolates  the  "Inner"  (hydrogen  pump)  system 
from  vacuum  background  contaminants.  Each  pump  may  be 
easily  changed  In  the  field  If  need  be. 

The  battery  module  In  the  present  design  Is 
mounted  on  the  maser.  Two  lead-acid  "Maintenance 
Free"  batteries  provide  up  to  16  hours  of  operation 
with  the  masers  fully  operational.  For  partially 
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powered  operation,  auch  as  way  be  lined  for  long  trip* 
and  installation*,  the  eager  will  operate  for  period* 
up  to  a  week  on  batteries  with  Juat  the  ion  pumps  and 
the  cavity  thermal  control  on;  if  only  the  ion  pumps 
are  active,  about  S  watts  of  power  i*  used,  which  will 
allow  several  week*  without  AC  power. 

Other  improvements  incorporated  into  the  VI.RA 
masers  include  a  very  low  noise  receiver  preamplifier 
having  a  noise  figure  under  1  db,  a  such  heavier 
copper  cavity  ptoviding  better  thermal  homogeneity  and 
larger  thermal  capacity  to  reduce  susceptibility  to 
ambient  temperature  variations.  There  are  separate 
ion  pump  DC-DC  converters  for  each  of  the  three  pumps, 

To  insure  phase  stability,  the  multiplier*  and  dividers 
fnr  the  ?00  hits  and  5  fills  outputs  are  mounted  on  a 
temperature  controlled  plate  with  other  potentially 
temperature  sensitive  components. 

Detailed  Specification.  Following  are  the  Sigma 
Tsu  Standards  Corporation  specifications  for  the  VL8A 
Hydrogen  Masers. 

1.  Stability,  time  domain:  Figure  6  gives  the 
specified  frequency  stability  in  the  time  domain  and 
also  the  VISA  goal.  The  specification  is  a  maximum 
which  applies  for  realistic  environmental  conditions, 

In  practice  the  nominal  xcabillty  may  be  much  better 
under  ideal  conditions. 

2.  Stability,  frequency  domain:  The  stability  in 
the  frequency  domain,  above  the  10  Hs  bandwidth  of  the 
VCO  phase  locked  loop,  Is  characterised  by  the 
stability  of  the  crystal  VCO.  A  high  stability 

10  fills  unit  is  used  with  phase  noise  specified  as 
follows: 

Phase  Noise  Offset 

-120  db  10  lls 

-140  db  100  lls 

-157  db  1  Klls 

-160  db  10  Klls 

2.  Wide  band  phase  noise:  For  purposes  of  radio 
astronomy,  and  several  other  applications,  a  useful 
specification  is  the  wide  band  rns  phase  noise 
expressed  in  picoseconds  such  as  may  be  observed  at 
the  output  of  a  balanced  mixer  fed  by  signnls  In 
quadrature  from  two  masers  in  n  bandwidth  from  on  Hs 
to  up  to  a  frequency  Just  below  the  carriers.  (A  low 
pass  filter  which  excludes  the  carriers  must  be  used.) 
For  the  100  fills  outputs,  the  specification  is  .6  ps  rms 
and  for  the  5  MHz  output  the  specification 
is  1.4  ps  ras. 

4.  Drift:  Included  in  the  stability  specification. 

5.  Seccabllity:  The  output  frequencies  arc  adjust¬ 
able  without  phase  discontinuity  using  front  panel 
switches  or  by  external  data  system  control  with  a 
resolution  of  4. 66  x  10-17.  The  maximum  continuous 
adjustment  range  is  Halted  only  by  the  loop  hold  in 
range  of  the  crystal  VCO  to  over  i  5  x  10-9,  The  VCO 
frequency  coarse  adjustment  may  olsu  be  used  to  obtain 
offsets  as  large  ns  i  1  x  10-6. 

6.  Reproducibility:  Included  os  the  maximum  range  of 
stability  and  environmental  specifications. 

7.  Magnetic  field  sensitivity:  For  a  ±  .5  gauss 
external  field  change,  the  maser  frequency  will  change 
by  less  than  i  1  x  10-16. 

8.  Temperature  sensitivity:  Less  than  3  x  10-16 
per  °C. 


9.  Saremetic  pressure  sensitivity:  Less  than 
1  x  10-1*  pcr  inc|,  of  mercury. 

10.  Operating  life  and  mean  time  between  failure: 

The  hydrogen  supply  Is  adequate  for  over  20  year*  of 
operation.  The  Ion  pump*  have  an  expected  life 
between  changes  of  over  10  year*,  and  may  be  easily 
changed  on  site.  The  main  failure  mode  is  likely  to 
be  due  to  the  expected  MT8F  of  the  electronic  compo¬ 
nents  and  systems,  which  should  be  quite  reliable. 

11.  Paver  supply  sensitivity:  For  nominal  line 
voltage  changes  or  switching  to  batteries,  the 
frequency  will  change  by  no  more  than  :  1  )  10-i4. 

12.  Power  supply  requirements:  AC  power,  115V 
rms  i  102,  60  Hz,  ICO  watts  nominal,  150  watts 
maximum  with  automatic  crossover  to  batteries.  On 
batteries,  the  typical  current  drain  at  24  volts 

is  2.5  A.  If  external  DC  paver  is  used,  the  require¬ 
ment  is  24  to  26  volts,  2.S  amperes  (typical). 

13.  Standby  battery  operation:  A  40  a-H,  24  volt 
lead-aeld,  "maintenance  free"  battery  module  is 
mounted  on  the  maser  which  when  fully  charged  will 
last  approximately  16  hours.  The  batteries  may  be 
removed  from  the  maser  and  located  remotely  If  desired. 
Automatic  recharging  occurs  at  about  2  amperes. 

14.  Instrumentation:  Thirty-two  channels  of  analog 
data  are  multiplexed  and  selectable  Internally  or 
remotely  by  binary  addresses.  Up  to  eight  status 
channels  are  simultaneously  tutputed  when  addressed. 

An  on-board  monitor  and  control  interface  board  adapts 
to  the  VLHA  MIC  system.  Minor  modification  will  adapt 
this  system  to  other  communication  formats. 

15.  Automatic  cavity  tuner:  An  automatic  cavity 
tuner  of  the  cavity  frequency  switching  type  described 
in  References  2  and  3  is  continuously  In  operation, 
and  no  operator  control  is  needed.  The  cavity  spin- 
exchange  offset  frequency  is  set  after  first  operation 
at  the  factory,  but  if  it  1*  desirable  to  check  and 
reset  the  spin-exchange  adjustment,  it  may  be  done 
with  a  digitally  set  resolution  of  1  x  10-12  relative 
to  the  maser  output  frequency. 

16.  Size  and  weight:  The  maser  is  46  cm  (18  in) 
vide  by  76  cm  (30  in)  deep  by  107  cm  (42  in)  high, 
including  casters.  The  overall  weight  is  238  kg 
(525  lb)  Including  the  battery  module.  The  removable 
battery  module  weighs  34  kg  (72  lb). 

17.  Nominal  maser  parameters  and  calibration  factors: 

a.  Cavity  loaded  Q:  36,000 

b.  Operating  line  Q:  1.8  x  109 

c.  Cavity  Q/  line  t)  ratio:  2  x  I0~5 

d.  Approximate  SE  frequency  ratio  at  initial 
pressure  settings:  5/1 

c.  Synthesizer  factor:  4.658  x  10-17/bit 

f.  Initial  MPC  setting:  (M  »  52300 
approximately) 

g.  Cavity  thermal  mass:  15,600  w-s/°C 

h.  Cavity  temperature:  50  °C 

1.  Other  oven  temperatures:  49  °C 

j.  Nouiinal  oscillation  frequency: 

1,420,405,751.775,28  Hz  assuming  a  magnetic 
field  of  .7  mg 
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Sifaa  Tau  Hydrogen  Maser  Pcvelnpaant 


there  are  several  particular  design  developments 
incorporated  In  the  VL8A  hydrogen  masers  which  provide 
the  performance  of  a  "full  site"  oscillating  atomic 
hydrogen  maser  In  a  relatively  compact  package  with 
operational  features  that  adapt  It  veil  to  the  long 
lived  stable  operation  required  of  continuously  oper¬ 
ating  basic  time  and  frequency  standards.  These  in¬ 
clude  the  automatic  cavity  tuning  system,  the  compact 
cavity  and  bulb  assembly,  an  efficient  tapered  pole 
state  selector,  a  compact  and  efficient  magnetic  and 
thermal  shield  configuration,  an  accessible  arrange¬ 
ment  of  field  replaceable  vacuum  pumps,  a  compact  low 
pressure  hydrogen  supply,  efficient  and  compact  modu¬ 
larised  electronics  and  a  wide  range  high  resolution 
receiver  synthesiser.  The  cavity  configuration, 
state  selector  and  auto  tuner  are  most  important  and 
only  these  will  be  detailed  more  fully  at  this  time. 

Cavity  anti  hulb_go.nOgtirat|on.  The  use  of  metal 
cavities  with  the  associated  advantages  of  high  elec¬ 
trical  and  thermal  conductivity,  thermal  homogeneity, 
mechanical  rigidity  and  ease  of  fabrication,  ease  of 
tuning  and  mounting  stably  within  the  vacuum  enclosure 
has  been  one  well  established  approach  to  hydrogen 
maser  design4*3.  to  partially  overcome  one  of  the 
disadvantages  of  the  large  sise  cavity  required  by  the 
relatively  low  frequency  of  the  hydrogen  hyperflne 
quantum  transition  and  to  improve  the  stability 
further,  Sigma  Tau  Standards  Corporation  has  analysed 
the  effect  on  the  maser  oscillation  parameters  of 
loading  the  cavity  with  a  quart:  cylinder  situated 
about  the  maser  storage  bulb  and  arrived  at  an 
improved  cavity  and  bulb  design  configuration3. 

Figure  4  illustrates  the  design.  The  quarts 
maeer  storage  bulb  is  supported  wirhln  a  quarts 
cylinder  which  is  held  between  the  cavity  end  plntes 
by  spring  action  of  a  metal  ring  situated  at  the  top. 
The  thickness  of  the  bulb  and  cylinder  walls  is  such 
that  the  resultant  inside  dinseter  of  the  cavity  is 
approximately  31.5  cm  (8.5  in),  rather  chan 
the  27  cm  (10.3  In)  diameter  typical  of  a  cavity 
loaded  only  with  a  thin-walled  bulb.  Analysis  of  the 
product  of  cavity  Q  x  ''filling  factor"  as  calculated 
in  Reference  3,  Figure  11,  gives  a  value  approxi¬ 
mately  28,000,  which  is  very  good  and  makes  a  very 
efficient  design  which  oscillates  easily. 

State  Selector.  The  service  life  of  pumping 
elements  and  the  score  of  hydrogen  required  for  a 
maser  are  directly  dependent  upon  Che  efficiency  of 
the  magnetic  state  selector  which  selects  atoms  in  the 
proper  hyperflne  quantum  scnccs  and  focusses  them  into 
the  maser  storago  bulb.  A  new  quadrupolc  state 
selector  with  tapered  pole  tips  was  developed  at 
Sigma  Tau  Standards  Corporation  which  is  much  more 
efficient  than  the  straight  bore  hexapolo  or 
quadrupolc  focussers  widely  used. 

Figure  5  illustrates  die  state  selector  design. 

The  entrance  aperture  is  only  .5  mm  (.02  in)  and  the 
magnetic  field  gradient  is  very  intense,  approximately 
2  x  103  gauss/cm  at  the  entrance.  This  produces  a 
strong  acceleration  to  the  atoms  and  gives  a  large 
source  "capture  angle".  A  primary  practical  advan¬ 
tage  of  this  particular  design  Is  chat  the  structural 
segments  arc  adjustable  after  the  magnet  is  assembled 
to  provide  five  degrees  of  freedom  for  aligning  the 
indivldu  \  pole  tips  after  assembly;  this  obviates  the 
necessity  of  ex:remely  high  machining  tolerances, 
which  *(  ,u  ijaki  the  design  otherwise  impractical. 

The  d”  t  the  state  selector  and  Che  analysis  of 

facto.  -  ing  the  trajectory  analysis  of  the 

atom!.  <  hydrogen  masers  is  given  in  Reference  6. 


! 


Figure  4.  Cavity  and  Bulb  Assembly 


t 
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Figure  5.  State  Selector 
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Auuwmtic  Cavity  Tuner.  The  automatic  cavity 
lunar  relate*  the  cavity  frequency  to  the  hydrogen 
emission  frequency  through  a  servo  system  which  does 
not  require  the  transmission  of  external  signals 
through  the  cavity  or  require  a  variation  in  bean 
intensity  as  used  in  spin-exchange  tuning.  A  varactor 
is  summed  within  the  cavity  so  that  the  cavity  reso¬ 
nant  frequency  nay  be  nodulated  electronically;  as 
the  cavity  frequency  changes,  the  coupling  between  the 
radiating  a cues  and  the  coupling  loop  changes,  so  that 
there  is  an  amplitude  modulation  (as  well  as  a  phase 
modulation)  of  the  maser  output  signal  when  the  cavity 
average  frequency  differs  from  that  of  the  maser 
signal. 

In  the  cavity  servo,  a  modulation  period  generator 
varies  the  cavity  frequency  periodically  and  a  syn¬ 
chronous  detector  senses  the  amplitude  and  sign  of  the 
cavity  offset  and  corrects  the  cavity  average  fre¬ 
quency,  Figure  6  illustrates  the  amplitude  variation 
which  occurs  when  tht  cavity  is  detuned.  Figure  7  is 
a  block  diagram  showing  the  cavity  servo  system.  While 
there  is  an  undesirable  phase  variation  occuring  at  the 
modulation  frequency,  it  is  cancelled  out  by  a  compen¬ 
sating  phase  shift  Inserted  ahead  of  the  crystal  veo  so 
in  practice  the  phase  shift  does  not  effect  the  stan¬ 
dard  outpuc  frequency.  Reference  3  gives  the  details 
of  the  analysis  of  this  type  of  cavity  servo  and  also 
presents  experimental  result  of  its  use  In  previous 
Sigma  Tau  Standards  hydrogen  masers. 


Figure  6.  Cavity  Frequency  Modulation 


Figure  7.  Cavity  Frequency  Servo 


Performance 

The  first  three  of  the  ten  hydrogen  masers  being 
produced  for  the  VLBA  are  scheduled  for  delivery  in 
July  1987.  Construction  is  nearly  completed  and 
preliminary  tests  of  stability  have  begun. 

Stability.  The  present  tests  have  been  made 
under  normal  working  laboratory  conditions  in  an  art-u 
where  the  temperature  is  held  to  approximately  i  1  'C 
by  the  building  air  conditioner,  with  a  cycle  time  of 
approximately  20  minutes.  Figure  8  shows  the 
measured  stability  for  time  Intervals  between  one 
second  and  10,000  seconds.  The  ordim.te  is  the  two 
sample  Allan  Variance  with  no  dead  t.me.  Also  shown 
are  the  Sigma  Tau  Standards  Corporation  stability 
specification  and  the  VLBA  contract  goal.  Both 
masers  were  operating  at  nominal  (low)  beam 


intensity  with  both  cavity  auto  tuners  on. 

The  data  for  Figure  8  was  obtained  by  connecting 
the  100  KHz  outputs  of  two  of  the  masers  to  a 
balanced  mixer  with  a  one  Hertz  low  pass  filter  on  the 
output.  For  measuring  times  between  one  second  and 
100  seconds  an  offset  difference  frequency  of  one  Hz 
was  set  by  the  maser  synthesizers  and  a  period 
counter  was  used  to  measure  the  frequency  differences. 
For  1,000  to  10,000  seconds  the  synthesizers  were  sec 
for  a  slow  beat  frequency  and  the  periods  were 
measured  from  a  strip  chart  recording. 

Figure  9  shows  stability  data  which  was  obtained, 
under  similar  conditions,  using  equipment  supplied  by 
the  National  Radio  Astronomy  Observatory  (NRAO) .  In 
this  case  the  curves  were  plotted  by  computer  using 
an  NRAO  program,  with  phase  measurements  derived 
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from  th*  two  maser  100  MHx  outputs  connected  to  a 
highly  stabilised  balanced  Mixer  and  voltage 
amplifier.  Figure  9(a)  is  a  copy  of  the  printer 
output  of  the  data  plotted  in  Figures  9(b)  and  9(c). 
Figure  9(b).  in  the  top  trace,  shows  the  one  second 
stability  averaged  for  100  samples,  the  second  trace 
gives  the  roo«  tesperature.  which  illustrates  the 
20  Minute  cycling  of  the  temperature;  the  third  trace, 
which  starts  at  aero  in  the  first  batch,  shews  the 
relative  variation  of  the  two  masers' s  frequencies 
slnee  the  measurement  batch  was  started. 

Figure  9(c)  is  a  plot  of  the  stability  versus 
Measuring  interval  in  the  fa»ilisr  sigsa  tau  format; 
also  shown  (the  solid  line)  is  the  Vt.HA  contract 
stability  goal.  It  is  noteworthy  that  the  data  taken 
with  the  NRAD  computer  equipment  agrees  very  well 
with  the  stability  plot  obtained  with  counter  and 
strip  chart,  shown  in  Figure  8. 

In  addition  to  stability  in  the  tine  dsnain, 
the  wide  band  phase  noise  at  100  Hits  has  been  tested 
and  the  results  are  within  the  specifications 
of  .6  ps  rna. 

Much  More  stability  data  will  be  taken  under 
different  conditions  of  operation  and  for  longer 
tines,  the  nasers  are  still  being  tested  and  adjust¬ 
ed  to  optimise  the  naser  tesperature  and  cavity 
tuner  servo  gains  and  other  paraneters,  however  the 
present  data  is  quite  encouraging. 

Other  Perfo rcance  Data.  Due  to  the  short  tine 
sinceThe  assesbly  of  the  first  three  nasers  was 
conpleted,  other  test  data  is  not  available  at  this 
tine.  There  are  several  tests  which  renain  to  be 
done  before  delivery.  These  Include  long  tern 
stability,  Magnetic  shielding  and  baronetrlc  pressure 
sensitivity.  It  is  anticipated  that  the  perfornante 
will  be  slnllar  to  that  of  the  three  earlier  nasers 
of  slnllar  design  described  in  Keferences  2  and  3, 
and  these  net  or  exceeded  the  VLRA  environaencal 
sensitivity  requirements  as  given  in  the  Sigaa  Tau 
Standards  specifications  given  previously. 
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THE  NEW  OEKKIWTIOS  OF  HYDK0CE8  MACKS  AT  SHANGHAI  OiCKHVATORY 


Z.C.  Zhal,  H.X.  Huang,  OX  Jiang,  W.ll.  Luo,  J.F.  Lu,  end  C.F.  Lin 
Shanghai  Observatory,  Shanghai,  China 


Abstract 

A  new  hydrogen  wiser  for  Vl431—nctverk  in  China 
has  been  designed  at  Shanghai  Observatory.  The  mechanl- 
cal  and  elecronlc  design  philosophy  of  the  nev  wiser 
Is  described,  and  comparisons  vith  previous  masers 
cade  at  Shanghai  Observatory  are  detailed.  The  nev 
maser  Is  a  rugged,  reliable  and  transportable  hydrogen 
maser.  Preliminary  lest  data  and  projection  of  stabili¬ 
ty  performance  are  Included,  as  veil  as  pbeiep-aphs 
of  the  nev  wiser  system  during  the  eonstuctlon  phase. 

Introduction 

Shanghai  Observatory  began  lu  hydrogen  maser 
development  ai  the  bcglntng  of  1970  and  so  far  has 
developed  6  hydrogen  masers.  Their  design  characteris¬ 
tics  vere  described  In  Kef.  1,  2,  3.  After  198b,  three 
of  Shanghai  Observatory's  hydrogen  masers  vere  Improved 
again  vith  the  modifications  of  cavity-bulb  assembly 
and  beam  optics.  Figure  13  shovs  the  frequency  stability 
performance  of  the  modified  masers. 

Meanwhile,  a  nev  hydrogen  maser  for  VJJS1  network 
In  CHINA  has  been  developing  since  1985.  The  nev  genera¬ 
tion  emphasises  the  regldnesa  and  mechanical  and  thermal 
stability,  especially  for  the  very  critical  cavity-bulb 
assembly.  In  the  nev  design,  ve  absorbed  many  design 
Ideas  of  the  masers  which  are  developed  by  Br.  F.R.C. 
Vcsnot  In  SAO  (Ref.  b,  5). 

This  paper  described  the  mechanical,  thermal, 
and  electronic  design  of  the  nev  generation. 

Rev  Maser  Design  Philosophy 

TTvire  are  tvo  basic  aspects  to  the  design  phlloso- 
phy  developed  at  Shanghai  Observatory  for  the  nev 
hydrogen  maser.  First,  the  maser  cavity  vas  to  be 
as  Inherently  stable  ns  possible.  Then  a  very  tightly 
controlled  thcmal  and  mechanical  environment  vas  to 
be  established  for  the  cavity  to  permit  maser  operation 
over  long  periods  of  time  without  auto-tunlng  or  other 
adjustment.  Toward  this  end,  the  cavity  was  constructed 
of  CERViT,  a  notarial  with  a  very  3will  thermal-expan¬ 
sion  coefficient  (1  to  £E-7/°C)  snd  long-term  resistance 
to  dimensional  creep.  To  reduce  the  aspect  of  the 
thermal  coefficient  of  dielectric  loading,  the  mass 
of  the  storage  bulb  vas  reduced  to  160  g  (from  3C0 
g  aa  used  in  the  earlier  maser)  without  sacrificing 
the  stlffness-to-voight  ratio.  A  typical  value  for 
the  temperature  coefficient  of  the  dielectric  constant 
of  the  quarts  storage  bulb  vithln  the  cavity  is 
df/4T*110  Figure  1  shovs  the  cavity-bulb  nsscsbiy 
for  the  nev  maser. 

The  second  basic  consideration  was  that  the  new 
maser  vas  to  be  a  readily  tranportablc,  rugged,  and 
completely  integrated  frequency  standard.  The  entire 
system  vas  engineered  as  a  unit,  and  all  electronics, 
Including  the  receiver  and  the  synthesiser,  were  mecha¬ 
nically  and  electrically  integrated  into  the  overall 
design.  The  end  result  Is  a  relatively  small  instrument 
weighting  about  300  kg  and  requiring  a  source  of  28 
volts  EC  at  about  230  Watts  to  operate. 

Fig.  2  shovs  a  photograph  of  the  nev  maser  system 
during  the  construction  phase. 


CH24 27-3/87/0000-082  91.00  C  1987  IEEE 


Fig.  1  -  cavlty-bllb  assembly 


Fig.  2  -  nev  maser  system  during  the 
construction  phase 


Physics  package  designs 

The  differences  between  the  nev  maser  and  any 
earlier  masers  HI  through  1:6  made  at  Shanghai  Observa¬ 
tory  nrc  chiefly  In  the  direction  of  core  rugged 
structural  and  more  careful  thermal  design  and  better 
magnetic  shielding.  The  major  departures  of  the  nev 
maser  from  either  the  HI  through  Hj  or  H6  are  the 
completely  different  designs,  especially  the  caviy-bulb 
structure,  the  lightweight  and  the  small  ion  pump 
as  veil  as  the  torrlsphcrical  magnetic  shields. 

Figure  3  describes  the  cavity-bulb  structure. 
Possible  csvity-stress  changes  oving  to  the  expansion 
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Fig.  3(b)  -  cavity-bulb  structure 
for  new  wiser 

Figure  h  shows  the  wignetlc  shields.  Here  the 
new  wiser  differ  greatly  fron  the  old  cascra,  In  that 
torrlpherical  shields  have  foan-glnss  insulation  at 
their  ends  for  supports.  These  shields  are  under  far 
less  local  stress  than  are  the  flat-ended  shields 
and  have  euch  lsprovcd  lapped  joints  at  the  lover 
cover  (the  upper  cover  Is  net  reaovable). 


•Fig.  6  -  dls3ociator/state  selector 

The  chief  difference  between  this  design  and 
the  initial  old  design  Include  the  site  of  the  disso- 
clator  glassware  tr.d  the  layout  of  the  BF  coll.  The 
dlssoclator  site  of  3.8  ca  di ureter  x  h.O  ca  long 
concidcs  alaost  exactly  with  those  used  with  excellent 
success  by  the  SAO  easer  group.  The  ion-pusp  caul fold 
for  the  new  wiser  is  shown  in  the  lower  portion  In 
Figure  7.  It  can  be  seen  that  the  site  of  the  purp 
Is  auch  scalier  than  those  used  in  the  Shanghai  Obser¬ 
vatory's  old  uasers.  Fig.  8  shovs  a  photograph  of 
the  new  wiser  Mounting  on  the  testing  rack . 


Fig.  h  -  nagnetlc  shields 


According  to  the  experience  gained  nt  CAG  (Rer. 
** >  5)*  Increased  thermal  gain  or  improved  preamplifier 
stability  alone  io  ineffectual  in  attaching  the  thermal 
gradients  problem  along  the  vacuum  tank;  however, 
division  of  the  tanh  (and  oven)  surface  into  indepen¬ 
dently  sensed  and  controlled  senes  has  shovn  itself 
to  be  a  powerful  technique  fer  minimising  gradient 
problems.  Accordingly,  the  vacuus  tanh  is  divided 
into  three  sones  —  done,  cylinder,  end  base  —  each 
of  these  has  its  ovn  sensing  thermistor,  amplifier, 
snd  heater  windings.  Each  sene  eon  respond  independen¬ 
tly  to  external  thermal  leads  without  materially 
affecting  the  temperature  of  other  senes.  To  minimise 
the  thermal  stress  on  vacuum-tank  controller,  the 
oven  is  divided  into  a  dome-cylinder  sene  and  a  base 
sene.  Each  of  these  is  independently  controlled. 
The  lsolator-presapllflcr  box  is  a  aeperate  thermal 
sene,  mahlng  e  total  of  six  distinct  thermal-control 
tones.  The  circulating  air,  vUeh  controls  the  tempera¬ 
ture  of  the  pump,  the  dissociator,  and  the  upper 
maser  electronics,  is  an  entirely  independent  system 
with  aelf-eentained  sensors  and  electronics. 

Diaaoeiater  Oscillator 


The  RF  dissociator  oscillator  in  the  new  maser 
is  a  refinement  of  the  one-transistor  design  used 
in  earlier  masers.  The  oaelllftter  operates  at  ipprexl- 
salely  86  tills  with  S"8  watts  of  DC  power  output. 
Figure  9  shows  the  dissociator  oscillator. 


Fig.  8  -  new  maser  mounting 
on  the  testing  rack 

Design  of  the  Hew  Maser  Electronics 

There  are  two  basic  categories  of  maser  electronics 
system:  (1)  maser  support  (thermal,  magnetic,  presure 
and  tuning  control)  and  (2)  maser  signal  processing. 
Unlike  earlier  Shanghai  Observatory's  designs,  the 
new  maser  has  all  the  electronics  integrated  into 
a  single  functional  unit  with  all  the  controls,  mete¬ 
ring,  and  power  supplies  centralised.  The  support 
and  processing  electronics  are  mechanically  and  elec¬ 
trically  compatible  with  each  other  and  with  physics 
package. 

Maser  Thermal  Control 


Fig.  9  “  dissociator  oscillator 
Hydrogen  —  Presure  Control 

Hydrogen  for  operation  of  the  dissociator  la 
furnished  from  o  two-lltcr  gas  bottle  presurlscd 
to  approximately  80  pel.  The  relatively  low  presure 
permits  the  use  of  a  small,  thermally  ngile  palladium 
valve.  Hydrogen  presure  within  the  dissociator  is 
sensed  by  c  thermistor  plranl  gouge,  which  is  incorpo¬ 
rated  into  a  resistance  bridge  along  with  an  identical 
thermistor  that  senses  the  high-vacuum  side  pumping 
system.  The  bridge  output,  which  is  independent  of 
ambient  temperature  variations  to  first  order,  drived 
a  servo  system  that  controls  the  dissociator  presure 
by  varying  the  temperature  of  the  palladium  valve. 

Phasclock  Receiver 

The  phaselock  receiver  for  the  new  maser  is  a 
total  new  design.  It  is  a  low  noise,  phase-stable 
triple-conversion  phaselock  loop  (Ref.  6). 

The  first  stage  of  low-noise  preamplification 
Is  physically  located  within  the  temperature  controlled 


84 


isolator  box.  An  isolator  minlalsies  the  effects 
of  external  load  changes  on  the  cavity  resonant  fre¬ 
quency,  and  a  lev-noise  amplifier,  with  noise  figure 
of  1.5  dB,  delivers  the  ltJO  MBs  signal  to  the  receiver 
at  a  level  of  approximately  -SO  dBo  vith  net  iaolatlen 
of  90  dB  or  sore. 

A  block  diagram  of  the  RF  receiver  is  shovn  In 
Rig.  10.  Vithin  the  receiver  proper,  the  second  preaa- 
plification  stage  is  preceded  by  a  vide-band  input 
filter  that  rejects  1  rage- frequency  input  noise  at 
approximately  1050  HHs. 


The  primary  output  is  5  KHs  with  auxiliary  outputs 
provided  at  ICO,  10,  5,  1  and  0.1  Kits. 

Rig.  11  shova  the  phaaeloek  receiver. 


Rig.  11  -  phaaeloek  receiver 
Digital  Synthesizer 

The  digital  synthesiser  for  tho  nev  saner  is 
being  developed,  vhich  will  also  be  a  totally  r.ev 
design.  The  nev  synthesiser  provides  a  resolution 
of  0.001  lit  over  a  tuning  rang  of  b05,750.CCO  to 
•>05,753.999  He.  The  synthesiser  concept  ccabines 
both  direct  and  indirect  synthesis  techniques  vhich 
is  similar  to  those  developed  in  SAO  easer  group. 

For  teaporary  use  before  the  nev  aynthesiser 
is  finished,  a  coestorciol  product  of  H-P  3325  is 
put  into  use  Instead. 

Monitoring  Systea 

The  nev  Baser  incorporates  an  extensive  nonitoring 
capability.  Four  front-panel  counted  neters,  each 
vith  an  eight-position  selector  svitch  are  located 
on  the  monitor  panel  to  provide  quick-lock  aonitoring 
of  32  functions.  These  include  all  Gain  pover-supply 
voltages,  all  heater  voltages,  hydrogen  dissoclator 


operating  conditions,  receiver/synthesiser  signal 
level,  and  phaaeloek  control  voltages. 

The  aeniter  panel  also  includes  the  esnll  four¬ 
digit  counter  and  LEE  jeadeut  for  displaying  the 
output  frequency  of  the  synthesiser.  All  aeterlng 
is  visible  at  the  top  of  the  rark  in  Figure  12. 


Fig.  12  -  Monitoring  panel 


Expected  Stability  Data  frees  the  Kev  Maser 
Data  froa  earlier  aaacra 

Stability  data  for  earlier  casern  vhich  are  being 
used  at  Shanghai  Observatory  are  shovn  in  Figure 


xu.tj  aunu  UMPdiirg.  »wr  imtuu 
<»u  ut  mi’iui  w  nrimutv 


Data  for  the  nev  Baser 

Froa  data  obtained  froa  testa  on  the  caser  during 
asseably,  ve  can  cake  the  follovjr.g  projections  about 
systcaatlc  effect. 

A.  Thercal  insensitivity  vlll  be  ieproved  by 
a  factor  of  at  least  3,  since  the  Intrinsic  thercal 
sensitivity  of  the  cavity-bulb  asseably  had  been 
found  to  be  about  3  tlces  lover,  and  ve  also  expect 
a  considerable  leproveaent  froa  the  thercal  redesign. 

B.  The  tests  on  torrisphcrical  shields  indicate 
that  axial  shielding  factor  has  an  lcprovecent  by 
a  factor  of  about  1.3. 
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C  The  cavity-bulb  structure  ia  core  rugged  and 
tetter  isolated  than  the  earlier  easera.  Co  ve  expect 
tetter  perforaanee  frets  the  nev  design. 

D.  Ixprevenent  of  the  noise  figure  of  the  csscr 
receiver  vlll  result  Troa  by  using  a  preasplifier 
vith  a  1.5  dli  noiae  figure  instead  of  the  5  dB  of 
the  earlier  swaers.  The  ahert-tera  stability  in  the 
!/?  portion  of  the  Allan  Variance  ulll  be  redded 
by  about  2. 

Figure  13  shova  the  anticipated  performance  of 
the  nev  raacr  with  all  the  above  factors  taken  into 
account. 
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mrncr 

The  hydrogen  maser  Is  the  most  stable  frequency 
source  generally  available  today  for  all  but  the 
shortest  measuring  tines.  For  long  measuring  tines  or 
Hr  seconds  or  greater,  its  performance  typically 
deteriorates  due  to  frequency  drift  of  the  hlgh-0 
resonant  cavity.  Various  schemes  have  been  devised  to 
detest  and  compensate  for  this  drift,  each  with  Its 
own  advantages  and  disadvantages.  The  method  described 
herein  utilizes  cavity  Q  modulation  to  detect  cavity 
frequency  drift  from  the  hydrogen  line  by  Inducing  a 
phase  shift  In  the  maser  output  which  is  proportional 
to  the  cavity  tuning  error.  This  phase  shift  after 
detection  Is  fed  back  to  the  cavity  tuning  servo  to 
compensate  for  detected  errors.  A  significant 
advantage  over  other  similar  schemea  la  the  lack  of 
phase  modulation  of  the  maser  output  due  to  the 
feedback  being  around  the  null  modulation  condition. 

Me  have  Implemented  a  cavity  Q  modulator,  along 
with  an  incidental  amplitude  modulation  compensator, 
into  an  active  hydrogen  maaer  and  successfully 
demonstrated  Its  performance  against  another  hydrogen 
maser.  Our  tests  conrirn  that  there  Is  no  degradation 
of  maser  short  term  performance  with  the  addition  of 
cavity  0  modulation.  Me  have  observed  long  term 
stability  of  7XlO~‘v^r  with  a  maser  operating  line  0 
of  7X10°,  confirming  our  analytical  model  and  pointing 
toward  an  achievable  stability  of  3X10“'3/^r  .  This 
paper  will  describe  the  0  modulation  autotuner,  the 
measurement  method  and  equipment,  and  the  results  of 
the  experiment. 


irooOUCTHM 

The  Deep  Space  iletwork  (DSN)  has  very  strict 
requirements  for  precise  frequency  and  time.  These 
requirements  arise  from  the  need  for  precise 
spacecraft  navigation  as  well  as  a  variety  of  radio 
science  experiments  such  as  Very  Long  Baseline 
Interferometry  (VLB!).  At  the  present  time,  hydrogen 
maser  frequency  standards  arc  used  throud<out  the 
network  which  ore  stable  to  parts  In  10“ at  1000 
second  averaging  tines.  This  stability  degrades  at 
longer  averaging  Intervals  due  to  the  influences  of 
environment  and  cavity  aging.  This  long  term 
Instability  leads  to  time  and  frequency  errors  which 
requires  frequent  correction  to  maintain  clock 
accuracy. 

Maintenance  of  an  accurate  time  scale  depends 
upon  close  coordination  of  the  tine  and  frequency  of 
the  station  clocks  with  respect  to  each  other  os  well 
as  the  National  Bureau  of  Standards,  Boulder, 
Colorado.  Coordination  of  the  tine  and  frequency  of 
the  various  stations  Is  accomplished  through  the  use 
of  date  obtained  from  the  Global  Positioning  System 
(GPS).1  From  these  data,  the  drift  rotes  of  the  masers 
are  estimated  and  matched  as  closely  as  possible. 
This  process  requires  continuous  monitoring  and 
frequent  tuning  adjustments  to  maintain  the  masers 
within  an  •■-‘eptable  accuracy. 


The  requirement  for  frequent  adjustment  and 
tuning  cun  be  greatly  reduced  by  continuous  autotunlng 
or  the  maser  to  compensate  for  long  term  cavity  drift 
and/or  environmental  changes.  The  0  modulation 
autotuning  method  Is  eabable  of  providing  such 
continuous  tuning  without  perturbing  the  maser  short 
term  stability. 

Dcacairriow 

The  G-modulatlon  scheme  which  we  used  In  this 
work  has  been  described  elsewhere*,  lr,  summary, 
autotunlng  by  fast  cavity  modulation  operates  by  vary¬ 
ing  the  cavity  Q  (or  frequency)  and  detecting  the 
fluctuations  of  phase  (or  amplitude)  which  result.  If 
the  modulation  is  much  faster  than  the  linewldth  of 
the  hydrogen  line,  the  sign  and  magnitude  of  theae 
fluctuations  depend  directly  on  the  relative  tuning  of 
the  cavity  with  reaped  to  the  radiating  hydrogen 
atoms.  A  major  consideration  is  that  while  one  of 
these  parameters  (0,  frequency)  must  be  substantially 
modulated,  the  other  must  be  held  constant  to  a  very 
great  degree,  since  the  detected  quantity  (phase, 
amplitude)  varies  directly  with  the  other  parameter. 

Additional  problems  relate  to  each  type  Indi¬ 
vidually.  Frequency  modulation  autotunlng  schemes 
have  been  Implemented  by  several  groups™  with  good 
success.  The  disadvantages  of  theae  schemes,  however, 
include  substantial  phase  modulation  of  the  output 
signal,  and  sensitivity  to  modulation  parameters  In¬ 
cluding  both  the  amplitude  and  duty  cycle  of  the 
frequency  modulation.  This  sensitivity  is  primarily  a 
consequence  of  the  fact  that  the  parameter  being  modu¬ 
lated  is  also  the  parameter  being  controlled.  Q-modu- 
latlon  also  has  Its  inherent  disadvantages,  suffering 
primarily  from  consequences  of  the  amplitude  modula¬ 
tion  that  necessarily  exists  In  the  cavity  fields. 
These  include  a  reduction  of  average  output  power, 
incidental  modulation  of  the  spin  exchange  tuning,  and 
anpl 1 tude -to -phase  conversion  in  the  electronic  cir¬ 
cuits  following  the  maser  itself. 


The  limiting  long  term  oscillator  performance  for 
either  type  of  modulation  depends  on  maser  phase  noise 
in  the  vicinity  of  the  modulation  frequency.  Modeling 
this  noise  as  white  phase  noise.2  the  resulting 
autotuned  maser  performance  can  be  related 

in  a  particularly  simple  way  to  the  open  loop  maser 
performance  d^(r]  in  terms  of  a  crossover  frequency 

'  *«l  (t)*«d[u)y/u!r 

For  Q-aodulotion,  the  crossover  frequency  f«  is  given 
by: 

*-»*}«/«•*#?) 

where  B  is  the  bandwidth  of  the  measurement  system, 
is  the  fractional  Q  modulation,  is  the  hydrogen 
line  0,  and  Fq  Is  the  .iterating  frequency.  Typical 
values  for  U  are  ,0'<  to  .3  second. 
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U*  have  developed  *  FIX  diode  0  Modulator  (Fig. 
I ),  which  can  be  tuned  for  xero  cavity  tuning,  and 
which  alao  ahowa  no  cavity  tuning  with  variation  in 
the  PIN  drive  anplitude.  The  device  ia  Mechanically 
tuned  at  the  tine  of  inatallation  to  show  no  cavity 
frequency  ahift  even  with  very  large  Q  reduction.  The 
Modulator,  since  it  loads  the  cavity,  does  result  in 
an  incidental  anplitude  Modulation  on  the  cavity  out¬ 
put  signal.  This  anplitude  Modulation  nust  be  renoved 
fron  the  signal  in  order  to  prevent  frequency  tuning 
errors  due  to  AH  to  PH  conversion  in  subsequent  re¬ 
ceiver  circuits. 


IMfUMDrrSTIOM 


The  hydrogen  nascr  chosen  for  the  installation 
and  testing  of  the  Q  Modulation  auto-tuning,  was  an 
early  JPL  prototype  unit  known  affectionately  as  P2. 
This  naser,  except  for  Minor  differences,  is 
functionally  identical  to  those  presently  used  as 
reference  Masers  in  the  JPL  test  facility. 

The  Q  Modulator  probe  was  installed  inside  the 
vacuuM  chaMber  in  the  Microwave  cavity  top  tuning 
plate,  and  the  aMplltude  coMpensatlon  Module  was 
placed  Inside  the  HF  head  Just  outside  of  the  Magnetic 
shields  in  an  area  which  is  Moderately  temperature 
controlled. 

Figure  1  is  a  schematic  of  the  Q  modulator, 
figure  2  is  a  slnplifled  block  diagram  of  the 
anplitude  compensation  nodule,  and  figure  3  is  an 
overall  block  diagram  of  the  cavity  Q  modulation 
system. 


Q  MODULATION 
INPUT 


X 


RFC 


PIN  0IO9E 


COUPUNG 

LOOP 


TUNING  CAPACITOR 


Figure  1.  0-Modulator,  Schematic  Diagram. 


1.42  GHz 
OUTPUT 


Figure  2.  Amplitude  Comperaator,  Block  Diagram. 


TEST  HCTMOCa  g  CQUIPMOTT 

A  slnplifled  block  d.ogran  of  the  test 
conf iguration  is  shown  in  figure  *«.  The  reference 
used  is  a  Smithsonian  Astrophyslcal  Laboratory  (SAO), 
nodel  VLG-11,  hydrogen  naser,  S/N  21,  which  waa 
installed  in  a  temperature  controlled  environment. 
The  test  naser  physics  unit  was  located  in  an 
environmental  chaMber  where  its  temperature  could  be 
controlled,  and  the  electronics  rack  with  the 
assoolated  electronics  equipment  was  located  outside 
the  test  chanber. 

The  stability  analyzer  is  shown  In  simplified 
block  diagram  Torn  In  figure  5.  The  100  MHx  reference 
signal  fron  the  reference  maser  Is  applied  to  the 
analyzer  through  an  isolation  amplifier.  This 
reference  signal  is  applied  to  the  input  of  an  offset 
synthesizer  which  offsets  the  reference  signal  by  1  Hz 
resulting  In  an  output  frequency  of  99,999,999  Hz. 
This  signal  is  then  applied  to  an  ItF  mixer  where  It  Is 
multiplied  with  the  100  MHz  signal  from  the  test 
maser,  producing  a  difference  frequency  of  1  Hz.  This 
1  Hz  signal  Is  passed  through  a  low  pass  filter,  and 
then  into  a  zero  crossing  detector.  The  zero  crossing 
detector  output  Is  analyzed  by  a  Hewlett-Packard, 
nodel,  HP  1000  mlnlcomputor  which  provides  Allan 
variance  data. 


Figure  3.  Cavity  Q-Modulation  Autotuner  System. 
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TOT  WgjjtTS 


The  flrat  series  of  tests,  « ere  «»d<  to  determine 
the  operating  characteristics  of  the  maser  with  and 
without  the  autotunar.  Allan  variance  data  plots, 
taken  with  and  without  the  Q  Modulation  signal  are 
contained  In  figure  6  ,  and  clearly  show  that  there 
is  only  NinlMSl  detrsdstlon  of  the  naser  short  tern 
stability  with  the  Introduction  of  the  Q  Modulation 
siinal. 

Additional  tests  were  accomplished  by  varyln( 
the  tenperature  of  the  naser  under  test  to  dcterMine 
the  effectiveness  of  the  autotuner  to  conpensate  for 
envlronnental  Influences.  Figure  7  shows  the 
tenperature  sensitivity  of  the  naser  without 
autotuning,  and  figure  8  after  Introduction  of 
autotuning. 


Figure  A.  Test  Configuration.  Block  Dlagran. 


TO  MICRO¬ 
PROCESSOR 


Figure  5.  Stability  Analyser,  Block  Diagram. 


From  the  data  it  can  be  seen  that  the  frequency 
sensitivity  of  the  non-autotuned  naser  to  environmen¬ 
tal  temperature  changes  is  k  x  10“'3/c°.  with  the 
Introduction  of  autotuning,  this  sensitivity  Is  re¬ 
duced  to  approximately  2  xIO-'vC0  an  improvement  of 
20  over  the  non-autotuned  condition. 


Figure  9  shows  Allan  variance  dati  for  the  auto- 
tuned  condition  out  to  approximately  109  seconds.  From 
the  equations  earlier,  and  for  the  parameters 
characterizing  the  maser  and  measurement;  B=  lllz, 
Aj-1.33,  Q=6.9xlO  ,  F  =l.k21kx109,  we  derive  U  =.018 
and  o(r)  =3.0x10_12/'^  for  the  limiting  long  term 
stability  of  the  stabilized  maser.  Because  the  loop 
time  constant  Is  5000  seconds,  times  longer  than  this 
value  should  reflect  autotuning  noise.  It  is  apparent 
from  the  figure  that  the  results  are  at  least  as  good 
as  this  value,  which  would  be  3x10”  ^  at  10,000 
seconds. 


ALLAN  VARIANCE 
(SA021  vs  P2,  PAIR  DATA) 


Figure  6.  Allan  Variance  (SA021  vs.  P2). 
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COWCUOIOWS 


Figure  7.  Open  Loop  Maser  Temperature  Response. 


HOURS 


Figure  8.  Autotuned  Maser  Temperature  Response. 


Figure  9.  Allan  Variance  (SA021  vs.  P2),  Autotuned. 


Ax  a  result  of  the  tests  performed  during  the 
preparation  of  this  report,  a  number  of  future 
improvements  are  brought  to  mind.  First,  the  amplitude 
compensator  should  be  redesigned  to  improve  its  phase 
vs  temperature  characteristics  while  maintaining  a 
constant  amplitude  to  subsequent  amplifiers. 
Secondly,  the  temperature  sensitivity  of  the  maser 
electronics  and  control  assembly  needs  Improvement  ir 
the  full  benefits  of  autotuning  are  to  be  realised. 
The  major  areas  of  thernal  sensitivity  were  found  to 
be  the  integrator  assembly  and  the  lock-in  detector 
amplifier  unit,  Replacement  of  the  analog  Integrator 
with  a  digital  integrator  will  effect  a  major 
improvement  in  thermal  performance  and  permit  longer 
Integration  times.  And  third,  to  Increase  the  varactor 
tuning  range  to  permit  greater  tuning  range  to 
compensate  for  a  wider  range  of  environmental  factors, 
andalso  permit  longer  operating  times  without  the 
requirement  for  adjustment  of  the  mechanical  tuners. 


From  the  above  test  results,  we  can  conclude  that 
the  Incorporation  of  an  sutotuner  system,  utilizing 
cavity  Q  modulation,  substantially  Improves  the  long 
term  stability  of  an  active  hydrogen  maser  and  does  so 
without  sacrificing  short  term  performance.  With  the 
introduction  of  continuous  autotuning,  we  can  expect  a 
significant  reduction  in  the  requirements  for  field 
adjustments  of  hydrogen  maser  tuning. 

ACKMowLiDccmorrs 

The  authors  would  like  to  acknowledge  the 
substantial  assistance  with  testing  and  data  reduction 
by  A.  Kirk,  U.  A.  Dlener,  and  C.  A.  Greenhall. 

This  work  represents  the  results  of  one  phase  of 
research  carried  out  at  the  Jet  Propulsion  Laboratory, 
California  Institute  of  Technology,  under  contract 
sponsored  by  the  National  Aeronautics  and  Spaoa 
Administration. 


REFERENCES 

1.  Clements,  P.,  Kirk,  A.,  and  Unglaub,  R.  "Results 
of  Using  the  Global  Positioning  System  to  Main¬ 
tain  the  Tine  and  Frequency  Svchronlzatlon  in 
the  Jet  Propulsion  Laboratory's  PeedSpace  Net¬ 
work"  Proc.  18th  annual  Precise  Time  and  Time 
Interval  (PTTI)  Applications  and  Planning 
Meeting,  (1986). 

2.  Dick,  J.,  Tucker,  T.,  "Fast  Autotunlng  of  a 
Hydrogen  Maser  by  Cavity  0  Modulation"  Proc. 
17th  annual  Precise  Time  and  Time  *nter\al 
(PTTI)  Applications  and  PIm  nlng  Meeting, 
(1985). 

3.  Peters,  H.  E.  "PeslRn  and  Performance  of  New 
Hydrogen  Masers  Using  Cavity  Switching  Servos" 
Proc.  38th  Annual  Symp.  Freq.  Control, (198k). 

b.  Audouin,  C.,  Lesage,  P.,  Viennet,  J.,  and 
Barlllet,  R.  "Theory  of  Hydrogen  Maser 
Autotunlng  Systems  Based  on  the  Frequency 
or  Phase  Method"  IEEE  Trans.  Instrum.  Meas., 
Vol.  IM-29,  98-IOb,  (i960). 


90 


41st  Annual  Frequency  Control  Symposium  -  1987 
ccKTiuwmoH  to  spin-exchanos  imiiENC*  shifts  in  the  hyorkkn  kases* 


B.  J.  V*rM*r,  <1.  H.  V.  A.  Koclssn,  H.  T.  C.  Steof,  and  0.  J,  tulisn 
Ccpsrtmeni  of  Physios 
Eindhoven  Technological  Unl*crslty 
S600H3  Eindhoven,  The  Netherlands 

and 

S.  8.  Craupten 

Department  of  Physics  and  Astronomy 
will lass  College 
Wllllamatown,  Massachusetts 


We  have  recalculated  shifts  of  the  ground  state 
^•0  transition  of  s  in  of  hydroten  atoas  In  low 
magnetic  field  due  to  electron  spin-exchange 
collisions  between  the  atoms.  We  predict  a  new  source 
of  frequency  shifts  not  compensated  for  by  the  usual 
sethods  of  tuning  the  Microwave  cavities  of 
oscillating  hydrogen  maser  frequency  standards.  Near 
rooM  tfeperature  these  additional  shifts  are  snail, 
but  large  enough  to  affect  stability  at  the  level  of 
Au/u  *  10"'*.  At  very  low  tenperatures  these  shifts 
are  large  compared  to  the  potential  thermal 
Instabilities  of  cryogenic  hydrogen  naser  standards. 
Above  5  Kelvin  they  decrease  rapidly  and  so  are  less 
severe  when  using  neon  storage  surfaces  near  10  K  than 
when  using  liquid  hellua  storage  surfaces  near  0.5  K. 

Introduction 

Collisions  between  the  hydrogen  atoss  radiating 
In  a  hydrogen  maser  frequency  standard  affect  the 
maser  frequency  In  two  Important  ways.  They  directly 
shift  the  transition  frequency,  and  they  broaden  the 
radiative  llnewldth,  which  Increases  the  frequency 
pulling  due  to  cavity  mlstuning.  The  usual 
theoretical  treatment  of  hydrogen  atom  spin-exchange 
collisions,  which  treats  the  energy  levels  during  tho 
collisions  as  degenerate,  predicts  that  the  direct 
spin-exchange  frequency  shifts  have  the  same 
dependence  on  radiative  llnewldth  as  frequency  shifts 
due  to  cavity  mlstuning.'  Tuning  the  cavity  so  that 
the  oscillation  frequency  is  Independent  of  radiative 
llnewldth  Is  predicted  by  that  treatment  to  leave  tho 
oscillation  frequency  Independent  of  collision  rate.* 
Such  "spin  exchange  tuning"  methods  have  been 
Important  to  the  development  or  hydrogen  maser 
standards  because  drifting  hydrogen  atom  beam 
Intensities  Induce  changing  collision  rates. 

Including  the  hyperflne  structure  of  the  energy 
levels  during  collisions  to  first  order,  but  assuming 
undeflected  classical  collision  trajectories  and 
Ignoring  the  Identity  of  the  colliding  atoms,  predicts 
additional  direct  frequency  shifts  which  leave  the 
spin  exchange  tuned  oscillation  frequency  offset  by  an 
amount  proportional  to  that  part  of  tne  radiative 
llnewldth  not  caused  by  collisions.’  Measurements  of 
this  offset  In  a  room  temperature  hydrogen  maser 
confirmed  within  errors  a  numerical  estimate  of  this 
effect.’  The  offset  predicted  by  this  calculation 
does  not  affect  the  stability  of  hydrogen  maser 
standards  unless  something  happens  to  affect  that  part 
of  the  llnewldth  not  due  to  collisions,  such  as  a 
change  of  relaxation  by  motion  of  the  atoms  through 
magnetic  field  gradients  or  a  change  of  relaxation  due 
to  Interactions  with  the  storage  surface. 


•Supported  by  the  Stlchting  voor  Fundamenteel 
Onderzoek  der  Mater le  and  NSF  Grant  PHy-840467 . 


We  have  recently  recalculated  the  additional 
direct  shifts  quantum  mechanically,  including  atom 
Identity.'  We  find  new  effects  which  are  nonlinear  In 
the  collision  rate  and  so  produce  not  only  an  offset 
of  the  spin  exchange  tuned  oscillation  frequency,  but 
also  a  variation  of  the  oscillation  frequency  with 
collision  rate  even  after  spin  exchange  tuning. 
Theoretical  details  can  be  found  In  the  recent  paper 
by  Verhaar,  Koelman,  Stoof,  Lultcn  and  Crampton, 
hereafter  referred  to  as  (VKSLC).'  Here  ue  present 
only  the  results  and  then  Illustrate  their 
implications  for  hydrogen  maser  frequency  standards 
operating  at  room  temperature  and  at  cryogenic 
temperatures. 


Spin-Exchange  Frequency  Shifts 


Shifts  of  the  hydrogen  maser  oscillation 
frequency  due  to  collisions  between  the  atoms, 
including  direct  shifts  and  shirts  dependent  on  tho 
radiative  llnewldth,  arc  given  by  VKS.  *  Eq.  (17)  as 


4u  -  [S*ul  (l*A,)-0)/x  ♦  n/t. 

•  10 


ID 


with  6  the  ratio  of  cavity  mlstuning  to  cavity  width, 
a  a  constant  dependent  on  cavity  Q  and  filling  factor, 
I#  tho  cross  section  for  frequency  shifts  proportional 
to  the  transition  level  population  difference,  v,  tho 
radiative  lifetime  (Inversely  proportional  to  tho 
llnewldth  1/xt,),  and  the  partial  lifetime  without 
relaxation  due  to  collisions.  0  Is 


n 


Mpcc*paa^**» 

Vpcc+paa)*“t 


(2) 


with  A,  and  <j,  the  cross  seetloir  for  frequency  shifts 
and  broadening  proportional  to  thy  ’pc0*paa)  of 
level  populations  involved  In  the  transit. on  and  lj 
and  o,  the  cross  sections  for  frequency  shifts  and 
broadening  not  proportional  to  level  populations.' 

Tho  cross  sections  are  plotted  in  Fig.  1 ,  and  ol0  and 
n  are  plotted  In  Fig.  2  for  particular  choices  of 
maser  parameters  and  (pcc*paa). 


n  generally  depends  on  collision  rate  In  a 
complicated  way  via  the  collision  rate  dependence  of 
the  level  population  sum  (p0e+Paa)<  Careful 
measurements  of  oscillation  frequencies,  level 
populations  and  cavity  mlstunlngs  can  In  principle 
determine  the  cross  sections  and  the  interesting 
physics  which  underlies  them.  However,  the  Important 
questions  for  hydrogen  maser  standards  are  (1)  whether 
these  effects  lead  to  important  new  sources  of 
frequency  instabilities  because  they  couple  the 
oscillation  frequency  to  relaxations  due  to  collisions 
between  the  atoms  and  to  other  relaxation  mechanisms, 
and  (2)  whether  there  are  strategies  for  minimizing 
these  new  sources  of  frequency  instabilities. 
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Fig.  1  Thermally  averaged  values  of  the  various 
frequency  shift  and  broadening  cross  sections  as 
functions  of  absolute  temperature.  The  left  hand 
vertical  scale  Is  linear  In  x  "  •rcslnhlB./lO"”  a’) 
and  x  ■  arcslnhd./lO"*1  a’).  Solid  lines, 
calculation  to  all  orders;  dashed  line,  rirst  order 
calculation  where  It  differs  significantly  from  the 
calculation  to  all  orders. 


Fig.  2  The  dimensionless  frequency  offset  parameters 
aX„  and  1)  as  functions  of  absolute  temperature,  n  Is 
given  for  Pco+Paa  assumed  constant  at  0.5  and  1.0,  and 
aX0  Is  given  for  a  typical  choice  of  cavity  Q  and 
filling  factor. 

Room  Temperature  Haser  Standards 

We  illustrate  these  effects  with  simulations  of  a 
maser  near  room  temperature  having  the  operating 
parameters  of  the  maser  used  in  the  experiment 
reported  in  Ref.  3  and  our  own  preliminary  values  for 
the  collision  cross  sections  at  300  degrees  Kelvin. 

We  ignore  relaxations  due  to  magnetic  field  gradients 


and  collisions  with  the  surfaces,  and  wo  use  rate 
equations  for  the  evolution  of  level  populations  due 
to  collisions  assuming  degenerate  states  during 
collisions. *  Fig.  3  displays  a  simulation  of  the 
oscillation  power  level  and  oscillation  frequency  as 
the  hydrogen  atom  collision  rate  is  varied  by  varying 
the  Input  beam  intensity,  l/t,  provides  a  convenient 
seature  of  relaxation  rates,  Including  hers  only  atom 
flow  and  collisions,  becaua*  It  can  be  determined  from 
changes  of  2w  with  a,  as  shown  by  Eq.  (l)  above. 


Fig.  3  Solid  line:  oscillation  power  level  (arbitrary 
units)  plotted  against  1/t,.  Soir-  sustained  maser_ 
oscillation  Is  obtained  for  1/t.  ranging  from  1 . 1 6  V 
to  8.18  s”’.  Dashed  curve:  variations  of  fractional 
oscillation  frequency  offset  6u/w  (from  a  base  offset 
«u/w  -  5.5x10“"’)  with  1/t,  over  the  full  range  of 
oscillation. 


The  Fig.  3  variation  or  oscillation  frequency 
with  1/t,  Is  for  a  case  when  the  cavity  has  been  tuned 
so  that  the  oscillation  frequency  Is  tho  same  at  the 
minimum  and  maximum  collision  rates  at  vhich  self- 
sustained  oscillation  can  be  obtained.  The  fractional 
frequency  offset  at  those  two  end  points  is  4w/u  • 

5.*<9  x  and  tho  offset  varies  nonlinearly 

between  those  two  points  because  of  the  t,  dependence 
of  n.  Using  a  largo  range  of  t,  variations  to  set  the 
cavity  tuning  does  minimize  tho  uncertainty  of  cavity 
tuning  duo  to  thermal  fluctuations  of  the  oscillation 
frequency  at  the  two  collision  rates  chosen  as  tuning 
points,’  but  it  leaves  a  fractional  variation  of 
frequency  with  collision  rate  of  order  10-15  per  Hz  of 
radiative  linewidth  at  high  collision  rates  and  an 
even  steeper  variation  of  frequency  with  collision 
rate  at  collision  rates  Just  above  The  threshold  for 
oscillation.  In  addition,  the  overall  fractional 
frequency  offset  varies  with  1/t0,  so  that  a  change  of 
t0  due  to  a  change  of  some  relaxation  rate  produces  a 
fractional  frequency  change  at  the  10"11  level,  in 
addition  to  changes  of  any  direct  frequency  shifts_ 
caused  by  those  relaxations.*  The  effects  due  to  X, 
and  X,  are  Just  large  enough  to  be  significant  for 
hydrogen  maser  standards  under  some  conditions,  but 
they  are  difficult  to  detect  because  of  the  long 


92 


averaging  time*  required  to  imho  swMurwonu  at  the 
10“' '  to  JO"**  level  with  room  tempereture  tuiera. 
Alternatively,  there  *iy  be  strategies  that  will 
minimise  these  effects.  rot*  example,  Fig.  a  displays 
the  variation*  of  oael  nation  power  and  frequency  for 
th«  «4mm  parameter*  exeept  that  a  higher  oolllalon 
rat*  has  been  chosen  for  the  lower  of  the  two  toning 
r  int  collislcn  rat«a.  The  precision  of  the  cavity 
tuning  using  the  tuning  points  displayed  in  Fig.  *  is 
less  by  about  1/*,  but  the  variation  of  oscillation 
frequency  with  collision  rate  Is  only  of  order  10"“ 
if  the  collision  rates  are  restricted  to  values 
between  the  two  tuning  points.  Alternatively,  the 
overall  frequency  offset  night  be  reduced  by  tuning 
the  cavity  so  that  the  oscillation  frequency  is 
Independent  of  t#,  but  at  the  us*at  of  greatly 
Increasing  the  dependence  of  oscillation  frequency  on 
collision  rate. 


Fig.  4  Dashed  curve:  oscillation  power  level 
(arbitrary  units)  plotted  against  1/t,  only  for  values 
of  1/?,  between  the  two  collision  rates  used  for 
tuning.  Solid  curve:  variations  of  fractional 
oscillation  frequency  offset  4u/u  (from  base  offset 
4u/u  *  5.5  x  ur1')  with  1/t,  over  the  full  range  of 
values  for  which  there  Is  oscillation. 


Adding  additional  relaxations  due  to  magnetic 
field  gradients  and  collisions  with  the  storage 
surfaces  does  not  affect  the  results  qualitatively. 
Overall  fractional  frequency  offsets  remain  of  order 
10“*-.  and  deviations  of  fractional  frequency  offsets 
with  collision  rate  remain  of  order  10“' *,  but  these 
can  be  reduced  significantly  by  using  smaller  ranges 
of  collision  rates  for  cavity  tuning. 

Liquid  Helium  Temperature  Maser  Standards 

Although  the  three  liquid  helium  storage  surface 
hydrogen  masers  developed  to  date7-*  have  not  achieved 
numbers  of  radiating  atoms  as  nigh  as  those  in  room 
temperature  standards,  higher  numbers  of  atoms  are 


essential  to  achieving  the  improvements  cf  short  tern 
frequency  stability  potentially  possible  because  of 
the  decrease  of  spin  exchange  relaxation  crosa 
sections  with  decreasing  tempera  lure  Vie  assume 

that  standards  having  atom  densities  high  enough  to 
produce  large  collision  contributions  to  i/i,  win  be 
developed.  Fig.  V  displays  the  results  of  a 
simulation  assuming  atom  flow  rate  1  a"'  and  maxisus 
collision  rates  high  enough  to  increase  l/t,  to  8  a"1. 


Fig.  5  Dashed  curve:  variations  of  fractional 
oscillation  frequency  offset  iu/u  (from  a  base  offset 
~5.5  x  UTM>  with  1/t  when  the  maser  has  boon  tuned 
for  equal  oscillstlon  frequencies  at  the  minimum 
collision  rate  for  oscillation  and  the  maximum 
collision  rate  available.  Solid  curve:  variations  of 
fractional  oscillation  frequency  offset  when  the  maser 
is  tuned  using  a  higher  collision  rate  for  the  lower 
of  the  two  tuning  point  collision  rates. 

Tha  Fig.  5  behavior  is  similar  to  that  in  Fig.  i 
and  Fig.  b,  except  that  the  sign  or  the  frequency 
offset  Is  Inverted  and  the  scale  is  three  orders  of 
magnitude  larger.  The  problems  posed  by  these  new 
sources  of  frequency  shifts  are  most  severe  if  only  a 
3msll  variation  of  1/t,  can  be  made  by  varying  the 
collision  rate.  The  problems  are  much  less  severe  if 
collision  rates  dominate  1/t,,  but  they  are  still  very 
large  when  compared  to  the  potential  thermal 
instabilities  of  cryogenic  masers  and  even  when 
compared  to  the  stabilities  of  current  room 
temperature  standards.  If  liquid  helium  surface 
hydrogen  masers  are  to  be  competitive  as  frequency 
standards,  design  studies  must  take  into  account  these 
new  sources  of  frequency  shifts. 

Middle  Ground:  Neon  Surface  Masers 

Similar  simulations  using  the  parameters  of  neon 
sur'ace  hydrogen  masers  operating  near  10  Kolvin 
reveal  behavior  that  is  qualitatively  the  same  as  the 
0.5  K  behavior,  except  that  the  scale  is  less  by  a 
factor  25  because  of  the  decrease  of  the  spin-exchange 
frequency  3hift  cross  sections  with  increasing 
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temperature.  However,  the  spin-exchange  relaxation 
cross  »«ci ion*  *r*  still  low  enough  that  collisions 
art  mi  likely  to  Unit  the  radiated  power  si 
achievable  hydrogen  atom  beam  intensities.  IT  solid 
neon  surfaces  that  sre  as  stable  as  liquid  helium 
surfaces  can  be  developed)  the  neon  surface  hydrogen 
uasers  offer  a  technologically  attraetive  alternative 
to  the  liquid  helltM  surface  masers  as  frequency 
standards. 
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Summary 

We  studied  the  process  of  dcirriursiton  of  a  hydrogen  maser's 
Teflon  storage  bulb  coating,  and  examined  the  coating's  physical  and 
chemical  characteristics.  The  deterioration,  whkh  accompanied 
exposure  to  the  maser's  atomic  hydrogen  beam,  was  marked  by 
decreasing  maser  line  Q  and  microwave  output  power.  The 
likelihood  of  Teflon  degradation  by  ultraviolet  radiation  from  the 
beam  source  was  eliminated.  Teflon  from  the  bulb,  and  Teflon  from 
the  same  original  batch,  were  compared  with  Teflon  from  a  fresh 
hatch.  The  old  Teflon,  which  had  been  stored  for  Several  years,  bad 
more  polari table  surface  groups,  more  surface  oxygen  (of  unknown 
chemistry),  and  more  non  •floor  mated  carbon  than  the  new  Teflcn. 
The  fresh  Teflon  was  applied  to  a  new  storage  bulb  ami  operated 
without  deterioration.  Chemical  changes  that  occurred  during 
storage  appear  to  have  caused  the  Teflon  surface  to  deteriorate  when 
exposed  to  the  atomic  hydrogen  beam. 

Introduction 

The  operation  of  the  hydrogen  maser,  and  its  superior 
frequency  stability,  depend  upon  the  ability  to  confine  hydrogen 
atoms  in  a  limited  region  of  space  for  an  extended  length  of  timeiM. 
In  present  day  active  masers,  the  atoms  are  confined  for  periods  on 
the  order  of  a  second  in  a  quarts  bulb  lined  with  Teflon!*).  Masers 
produced  by  the  Smithsonian  Astrophysical  Observatory  (SAO)  use  a 
bulb  coating  of  FKIM20  Teflon,  a  floorinaled  ethylene-propylene 
copolymer.  The  Teflon  coating  makes  the  maser  action  possible;  at 
the  same  time,  However,  it  limits  the  hydrogen  maser's  absolute 
frequency  accuracy,  doe  to  variability  in  the  wall  shif’l3!,  and 
represents  a  potential  source  of  performance  degradation.  We 
describe  the  process  of  degradation  observed  in  a  maser,  and  the 
methods  used  to  study  the  nature  of  the  coaling  in  order  to 
understand  both  the  normal  and  abnormal  operation  or  the  maser. 

Degradation  of  a  maser's  storage  coating  manifests  itself  in 
decreased  microwave  output  power  from  tlie  maser's  resonant  cavity, 
and  in  decreased  line  Q.  The  line  Q,  Qg,  is  inversely  proportional  to 
qo,  the  total  rate  of  lots  of  magnetization  of  the  oscillating 
ensemble  of  atoms,  which  can  be  written 

12  -  ft  +  fr  +  tie  +  y' 

where  qj  is  the  rate  of  loss  of  atoms  from  tlie  bulb  aperture,  qf  is 
the  rate  of  loss  of  H  atoms  on  tlie  storage  surface  due  to 
recombination  and  other  processes,  q1£  is  tlie  relaxation  rate  of  the 
magnetization  due  to  spin  exchange,  and  q<  includes  all  otlier 
relaxation  processes,  including  magnetic  relaxation  and  other  storage 
wall  relaxation  processes.  Contamination  or  otlier  degradation  of 
tlie  wall  coating  increases  qr,  thus  decreasing  Qg  for  constant  spin 
exchange  relaxation.  In  order  to  compare  conditions  of  the  wall 
coating,  it  is  necessary  to  determine  the  line  Qs  for  the  same  value 
of  we  do  this  by  normalizing  the  line  Q  to  a  constant  value  of 
maser  output  power.  Power  is  measured  by  an  intermediate 
frequency  (IF)  level  in  the  maser’s  microwave  receiver. 

Initial  Maser  Performance 

When  the  maser  was  constructed,  it  had  an  excellent  initial  line  Q 
of  approximately  2  x  10^.  Shortly  after  initial  maser  operation  tlie 
line  Q  and  output  power  began  to  decrease.  The  storage  bulb  was 
removed  from  the  maser  four  times  and  recoated  with  Teflon  from 
tlie  batch  used  for  the  original  coating.  Before  each  recoating,  the 
bulb  was  tested  with  a  drop  of  methanol  rolled  on  its  interior 


surface.  The  methanol  adhered  to  a  spot  on  the  apex  of  the  bulb, 
opposite  the  collimator  lube  through  *hkh  the  atomic  beam  enters. 
The  wetted  spot  *u  crescent-shaped  or  eirtuiar,  and  approximately 
10  mm  In  diameter,  a  shape  consistent  with  the  image  size  of  the 
beam  source.  Wetting  indicate*  that  the  surface  has  active  sites 
capable  of  binding  atoms  and  molecule*,  and  thus  possibly  capable 
of  enhancing  the  recombination  of  hydrogen  atoms. 

The  coating  process  consists  of  rolling  the  Teflon  dispersion  in 
the  bulb  to  coal  the  Inner  surface,  pouring  out  the  excess  and  drying 
the  bulb  In  vacuum,  and  firing  the  bulb  at  36S°C  for  approximately 
ten  minute*  with  oxygen  flowing  In  the  bulb  to  burn  off  any 
hydrocarbons  In  the  dispersion,  chiefly  surfactants  used  to  enhance 
wetting.  The  Teflon  used  to  coal  the  bulb  bad  been  stored  for 
several  year*  and  was  partislly  agglomerated;  It  needed  to  be 
stirred  tboroogbly  before  being  applied  to  the  bulb  In  order  to 
disperse  the  Teflon  solid*  throughout  the  liquid. 

Following  each  coating  the  line  Q  began  with  a  high  initial 
value  and  decreased  with  time.  We  assumed  that  the  mayor  source 
of  degradation  was  the  welting  spot,  and  bad  two  initial  hypotheses 
for  it*  creation:  either  damage  to  the  Teflon  by  ultraviolet  light 
(UV)  coming  from  the  hydrogen  beam  source,  or  contamination  of 
the  surface  by  foreign  molecules  entering  the  bulb  with  (be  beam. 
Although  the  hydrogen  beam  path  is  blocked  by  a  slopping  disc  In 
the  state  selection  magnet  to  remove  undeflected  molecules  and  UV 
light,  UV  could  conceivable  reach  the  bulb  by  (rasing  reflection  from 
the  pole  facts  of  the  hexapole  state  selection  magnet.  To  minimize 
this  possibility  we  replaced  the  state  selection  magnet  with  one  from 
a  maser  that  had  operated  successfully,  and  we  coated  its  pole  face* 
with  colloidal  graphite  (Aerodag),  a  UV  absorber.  We  took  strenous 
measures  to  eliminate  the  possibility  of  contamination.  We  acid 
etched  and  baked  the  Pyrex  diasociator  bulb,  vacuum  baked  tlie 
hydrogen  source  system,  and  finally  replaced  the  entire  source  with  a 
new  system  whose  components  had  been  individually  cleaned  and 
vacuum  baked  before  assembly.  The  result  was  a  source  system 
that  was  as  clean  as  we  could  make  it,  and  that  was  at  least  as 
clean  as  sources  performing  successfully  in  other  SAO  masers. 

Maser  Performance  as  a  Function  of  Time 

In  November,  1986,  we  began  a  careful  scries  of  measure* 
menta  of  line  Q  and  maser  power  as  functions  of  time  and  hydrogen 
beam  exposure.  The  data  are  shown  in  Figs.  1  and  2.  At  intervals 
we  measured  the  line  Q  at  a  variety  of  hydrogen  flux  settings,  and 
thus  maser  power  levels,  in  order  to  be  able  to  interpolate  Qg  to  a 
constant  IF  level.  The  line  Qs  given  in  Fig.  1  are  the  measured 
values  normalized  to  a  reference  IF  level  of  1.80  volts,  corresponding 
to  -99.2  dBm  of  1 A  GHz  radiation  from  the  maser's  resonant 
cavity. 

During  most  of  the  observation  period  the  line  Q  decreased 
with  exposure  to  the  atomic  hydrogen  beam,  and  approached  a 
constant  value  for  a  given  hydrogen  flux.  The  saturation  value  was 
generally  lower  for  greater  flux  intensity.  To  test  the  effect  of  the 
atomic  hydrogen  beam,  we  turned  off  the  hydrogen  dissociator  for 
several  periods  of  up  to  two  weeks.  During  these  periods  we  turned 
the  dissociator  on  for  intervals  of  a  few  minutes  to  measure  the  line 
Q.  When  tlie  atomic  hydrogen  beam  was  off,  the  line  Q  either 
remained  constant  or  increased.  This  behavior  indicated  that  the 
deterioration  in  line  Q  was  associated  with  the  hydrogen  beam,  and 
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Figure  2.  Line  Q  and  Frequency  Variation,  January— March  1987 
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«M  *H  Wins  caused  by  cnniaminattcn  doe  id  outgaseiag  f;@m  trtkf 
part*  ©f  tk  roam 

In  ©rder  (e  investigate  tk  pdwlbk  effxi  ef  UV  radiation,  *e 
installed  n  0,7mm  thkk  UK  wind©*  tm  a  movable  Arm  it*  (be  ttwKf, 
so  that  ik  window  could  k  moved  to  eccult  lk  beam,  Tk 
window’*  transmkion  *m  approximately  50%  for  l.yman  alpha  UV 
radiation  (133  nm  wavelength).  Tk  dkocialer  Will  w«e 

left  on  without  Interruption,  *«  that  *k*  ik  UK  window  blocked 
lk  hydrogen  kwn,  il  did  net  cut  eff  UV  from  lk  source  that  would 
otherwise  hav*  reached  tk  storage  klb,  Tk  line  Q  again  increased 
when  (k  UK  window  cut  ©If  lk  beam,  indicating  eitkr  that  no 
significant  amount  of  UV  ww  present  or  ikt  UV  did  not  degrade 
Ik  Teflon.  (Since  lk  Lyman  photon*  produced  in  ik  dkoelator 
have  energies  '**  7k  order  of  10  eV,  iky  kit  more  ikn  ikn 
enough  energy  to  disrupt,  tk  ckmical  bond*  in  Teflon;  lk*  ibi* 
le*l  *bow#  that  UV  wm  not  portent.) 

In  wt  effort  to  determine  bow  tk  line  Q  saturation  keel 
vnried  with  hydrogen  flux,  we  mired  tk  Hon  netting  to  »  high  keel 
on  Kridny,  Kekowy  13,  IM7.  Qg  firm  dec  re  Med  to  1.12  x  10®,  but 
ikn,  nnomnloutly,  kgnn  to  incrtMe.  Kour  dny*  later  we  dec  rented 
tk  (lux  to  a  telling  of  350,  wid  tk  line  Q  continued  to  incrtMe. 
We  repented  thin  tern  tk  next  month  with  timlUr  reeult*.  Thin 
kkvior  wm  Incontittent  with  nny  previou*  okervntion*.  During 
thin  period  we  meMured  tk  muter'*  frequency  nnd  w»l|  nhifu  A* 
tbown  in  Kig.  3,  tk  maser  frequency  followed  lk  moetmenl  of  tk 
line  Q,  increasing  with  incrtMing  Qg.  Tk  mngnilude  of  tk  wntl 
shift,  who#*  tign  i*  negative,  wm  npproximntety  3.4xl0~*2  greater 
than  that  of  otkr  mater*. 

We  terminated  tk  tc*U  and  replaced  tk  tlorage  klb  with  a 
new  klb  coated  with  Teflon  from  a  freth  batch.  Tk  ma*er’* 
initial  line  Q  uting  thi*  klb  and  coating,  kt  tk  previou*  source 
structure,  wm  2.3x10®  for  a  mater  output  power  of  -99.6  dBm. 
Over  never*)  month*  it  dec  rented  to  a  value  of  1.5x10®  and 
itnbiliied  at  that  level.  This  U  higher  than  tk  minimum  value  of 
1.1-1.2x10°  obtained  with  tk  old  Teflon.  Tk  magnitude  of  tk 
wall  shift  for  tk  new  coating  it  within  a  few  part*  in  10’®  of  it* 
norm*l  value.  We  coated  an  additional  klb  with  lk  new  Teflon 
for  ute  in  anotkr  mater;  it*  line  Q  Hu  remained  conttant  at 
approximately  3.0  x  10°,  and  it*  wall  shift  it  within  2  to  5  part*  in 
10*®  of  normal.  Tk*e  obnervation*,  particularly  tk  difference  in 
wall  shift  between  tk  old  and  new  Teflon*,  thow  that  tk  coaling* 
differ  in  performance.  (Tk  initial  line  Q  drop  of  tk  new  Teflon  in 
tk  original  mater  may,  kwever,  indicate  a  retidual  effect  of 
unidentified  proceue*  attociated  with  tk  mater.) 

Examination  of  Teflon 

We  cut  tk  original  itorage  bulb  into  piece*  nnd  examined  tk 
Teflon  from  several  areas  of  tk  bulb  turface  by  physical  and 
ckmical  meant.  In  addition,  we  coated  extremely  clean  tilicon 
wafers  with  Teflon  from  tk  old  and  new  bateks,  uting  identical 
procedures,  and  tested  tliose  surfaces. 

Scanning  electron  microscopy  with  a  resolution  of  100 
angstroms  showed  surfaces  with  a  low-relief  “orange-peel"  texture 
and  occasional  fissures.  No  difference  in  appearance  ktween  tk  old 
and  new  Teflon  surfaces  wu  discernible. 

Tk  polarizabilities  of  tk  Teflon  surfaces  were  compared  by 
measuring  tk  contact  angles  ktween  tk  surfaces  and  droplets  of 
water,  kxadecane,  and  ethanol.  Tk  values  are  given  in  Table  1. 
Tk  results  show  that  tk  old  Teflon,  both  from  tk  bulb  and  cast  on 
tk  Si  wafer,  has  more  polariiable  surface  group*  than  tk  new 
Teflon.  Furtkrmore,  tk  Teflon  coating  fronf  tk  bulb,  both  from 
tk  bulb’s  side  and  from  tk  damaged  spot  at  tk  apex,  is  more 
polarizable  than  tk  old  Teflon  that  was  not  exposed  to  tk  hydrogen 
kam.  Finally,  tk  damaged  spot  is  characteristic  of  an  amorphous, 


unftuorinatcd  hydrocarbon  film. 


Table 

1  Contact  Angle* 
(degree*) 

Water  Itcxadecan© 

Ethanol 

New  Teflon  cmi  on  Si 

120.541 

51x1 

494 1 

Old  Teflon  cast  on  Si 

111441 

5541 

45*1 

Hutb  interior  (side) 

116.  42  5441 

42*3 

Area  of  maximum  damage 

CO 

0 

0 

Sample*  of  Teflon  *e«  scraped  from  tk  side  ef  lk  bulb  ami 
from  lk  new  Teflon  film  on  tk  tikon  wafer*,  and  were  analyzed  for 
tk  fractional  composition  of  tlement*.  Tk  percent  of  carbon, 
fluorine,  nnd  hydrogen  in  tk  sample*  are  shown  in  Table  2  Tk 
stated  precision  of  tk  meMurement*  U  10.3%  for  carbon  ami 
hydrogen,  and  40.4%  for  fluorine.  Tk  bulk  elemental  analysis 
show*  »o  significant  difference  between  tk  old  am)  new  Teflon, 
within  tk  precision  of  tk  technique. 


Table  2  Elemental  Analysis  of  Hulk  Samples 
(perteni) 


C 

K 

II 

Expected  for  Teflon 

24.02 

70.98 

0.00 

Film  removed  from  klb 

23.08 

75.80 

0.06 

24.11 

76.17 

0.00 

New  Teflon  cmI  on  Si 

23.97 

75.76 

0.03 

24.17 

75.79 

0.00 

Sample*  of  tk  Teflon 

surfaces 

were 

examined 

photoelectron  spectroscopy  (XPS),  sometime*  referred  to  a*  KSCA. 
Thi*  technique  sample*  tk  surface  to  a  depth  of  approximately  30 
angstrom*,  and  1*  more  sensitive  to  compositional  diffettnee*  than  is 
tk  bulk  elemental  analysis.  Tk  results  of  tk  XPS  measurement* 
are  given  in  Table  3.  They  »how  (a)  that  tk  *urfacr*  of  tk  old 
Teflon  contain  a  *mall  fraction  of  oxygen,  whose  ckmical  bonding 
could  not  k  identified,  while  tk  new  Teflon  contained  no  observable 
oxygen;  and  (b)  that  tk  old  Teflon  surface*  contain  more  non- 
fluorinated  carbon  than  tk  new  Teflat.  80%  of  tk  carbon  at  tk 
bulb's  damaged  spot  was  non-fluorinated.  Fig.  3  compares  plot*  of 
tk  XPS  ipectrn  for  carbon  for  the  new  Teflon  surface  and  the 
damaged  spot. 

Table  3.  Atomic  Composition*  from  XPS 
(percent) 

Composition 
of  C 


F 

O 

C 

CFX 

otkr  C 

New  Teflon  cut  on  Si 

67 

0 

33 

99 

1 

Old  Teflon  cut  on  Si 

66 

0.3 

34 

97 

3 

Side  of  maser  klb 

64 

0.3 

36 

96 

4 

Damaged  ring  in  klb 

32 

3 

65 

20 

80 

We  conclude  from  these  meMurement*  that  tk  o’.d  and  new 
Teflon*  differ  in  tkir  surface  chemistry.  This  is  particularly 
evident  in  tk  variations  in  tkir  wall  shifts.  Since  tk  old  Teflon 
had  been  used  successfully  to  coat  mater  bulbs  several  years  ago,  it 
is  likely  that  tk  differences  developed  as  a  result  of  chemical 
processes  during  storage.  While  small,  these  differences  may  be 
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8me«nc  tulRSVtivt 

Figure  3<  XFS  spectra  of  Carbon  IS  in  014  and  New  Tctkm 

sufficient  to  degrade  ttx  performance,  and  argue  for 

obtaining  a  fresh  batch  of  Teflon  for  each  set  of  bulb  coating*. 

Otmttvmionn  on  Another  Storage1  Wujb 

Tim  slgnficance  of  tb«  damaged  spot  at  the  Apex  of  the 
storage  bulb  wa*  unclear.  We  b»4  obestrved  similar  spots,  which 
wet  with  water,  methanol,  an4  ethanol,  in  other  masers  with  low  or 
decreasing  line  Q*.  We  had  the  opportunity  to  examine  the  storage 
bulb  of  a  maser  that  had  operated  for  over  7  yearn  and  that  had  a 
high  line  Q,  3.3  x  10®.  This  bulb  also  had  a  similar  njxH  at  Its  tjscx 
that  wet  with  ethanol,  showing  that  such  a  spot  it  not  necessarily 
indicative  of  improper  jierformanee.  Such  a  conclusion  in  reasonable. 
First,  the  wetting  spot  hat  the  characteristics  of  a  hydrocarbon  Sim, 
which  can  be  a  moderately  elective  maser  coating;  prior  to  the  use 
of  Teflon,  hydrocarbon  films  auch  as  Drifilm  (dimethyldichlorosilane) 
were  used  to  coat  storage  bulbs.  Second,  the  fact  that  the  maser 
oscillated  at  all  showed  that  a  large  number  of  hydrogen  atoms 
survived  their  initial  impact  with  the  damaged  spot.  Once  an  atom 
bounces  from  the  spot  and  begins  it*  random  travels  about  the  bulb, 
Its  likelihood  of  hitting  the  spot  again  i*  equal  to  the  fraction  of  the 
bulb  area  occupied  by  the  spot,  approximately  7  x  I0~4,  In  order 
to  significantly  relax  the  oscillating  atoms,  the  damaged  spot  would 
have  to  have  a  sticking  probability  approaching  unity,  implying  that 
the  incoming  beam  would  be  quenched  before  oscillation  could  begin. 
We  conclude  that  the  line  Q  ami  wall  shift  are  affected  primarily  by 
the  condition  of  the  entire  bulb  coating  rather  than  by  the  damaged 
spot  at  the  apex. 


Acknowledgement 

We  ate  pleased  to  acknowledge  support  frum  the  Smithsonian 
Institution's  Scholarly  Studies  Program  and  from  the  Harvard 
University  Chemistry  Department,  and  we  thank  Professor  Stuart 
Crompton  for  helpful  discussions. 

KejfetroCe* 

1.  Kkppner,  IX,  H.C  Iktg,  S.M.  Crampton,  N.F.  Hornsey,  It.F.C 
Vessot,  11.8. 1’eters,  and  J.  Vanier,  I'hys,  Rev,  13*.  972  {1963} 

2.  Teflon  is  a  registered  trademark  of  8,1.  Dupont  DeXrmours, 
toe. 

3.  Hellwig,  H.,  R.F.C.  Vessot,  M.W.  Irvine,  l‘.W.  ZiUewits,  D.W, 
Allan,  and  D.J.  Glare,  1888  Trans,  on  Instr.  ami  Mcas,,  IM- 
l»,  200  (1970). 


Discussion 

Our  investigation  did  not  determine  the  mechanism  for  live 
time-varying  degradation  and  recovery  of  the  coating  pro|>crties. 
The  time  scale  for  this  variation  is  on  the  order  of  iiours.  This  fact 
eliminates  tlie  possibility  of  hydrogen  adsorption  on  tins  Teflon 
surface,  because  adsorption  by  means  of  weak  van  der  Waais 
trapping  would  have  desorption  times  on  tlte  order  of  nanoseconds, 
while  ciiemical  bonding  would  be  essentially  permanent,  witii  bonds 
lasting  on  the  order  of  years  to  millennia,  A  possible  mechanism  is 
diffusion  of  hydrogen  atoms  into  tlte  three-dimensional  matrix  of 
Teflon  molecules  that  make  up  the  coating. 

Anotlier  open  question  is  the  cause  of  defluorination  of  the 
apex  spot.  A  candidate  is  hydrogen  atoms  in  the  2S  state,  which 
have  a  lifetime  on  the  order  of  0.14  seconds  and  more  than  enough 
energy  to  break  chemical  bonds.  These  excited  atoms  are  quite 
fragile,  however,  and  can  be  quenched  by  electric  fields  produced  by 
tlieir  motion  through  the  state-selection  magnet. 
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Abstract 


The  frequency  stability  of  an  oscillator 
is  a  very  important  characteristic  for  many 
applications.  Yet  the  causes  and  sources  of 
some  basic  types  of  noiae  are  poorly  under¬ 
stood,  particularly  for  close-to-carrler 
noise.  A  review  is  presented  in  this  paper 
of  the  present  state  of  knowledge  about  the 
sources  and  characteristics  of  frequency 
fluctuations  in  stable  oscillators  using 
quarts  acoustic  resonators  (BAN  and  SAK)  or 
dielectric  resonators  as  the  high  Q  frequency 
stabilizing  element.  A  brief  discussion  of 
the  various  parameters  used  to  quantify 
random  frequency  fluctuations  is  presented 
along  with  the  relative  merits  of  open-  and 
closed-loop  phase  noise  measurements.  Phase 
noise  in  stable  oscillators  usually  arises 
from  additive  voltage  fluctuations  and  direct 
parameter  module ti or.  processes.  Additive 
noise,  such  as  Johnson  noise,  is  reasonably 
well  understood  and  will  be  discussed  only 
briefly.  On  the  other  hand,  modulation  noise 
processes,  such  as  flicker  and  random  walk 
frequency  noise,  are  only  poorly  understood 
and  will  be  covered  in  more  detail.  The 
observed  levels  of  flicker  noise  in 
amplifiers  and  resonators  will  be  discussed, 
as  well  as  the  dependence  of  flicker  noise 
level  on  resonator  frequency,  loaded  and 
unloaded  Q,  and  oscillator  loop  paver  level. 
Procedures  for  minimizing  flicker  frequency 
noise  levels  in  oscillators  will  be 
presented.  Finally,  the  known 
characteristics  of  random  walk  frequency 
noise  in  oscillators  will  be  covered  briefly. 

Introduction 


The  frequency  stability  of  an  oscillator 
is  an  important  characteristic  for  many 
applications.  Yet  the  causes  and  sources  of 
several  basic  types  of  noise  are  poorly 
understood,  particularly  for  close-to-carrier 
noise.  However,  over  the  last  few  years 
there  has  been  a  significant  increase  in 
experimental  data  relating  to  oscillator 
noise  and  some  general  characteristics  ace 
beginning  to  become  evident.  This  paper 


presents  a  review  of  the  present  state  of 
knowledge  about  (he  sources  and 
characteristics  of  frequency  fluctuations  in 
stable  oscillators  using  quarts  acoustic 
resonators  (PAH  and  SAN)  or  dielectric 
resonators  at  the  high  Q  stabilizing  element. 
The  discussion  will  be  confined  to  free 
running,  simple  oscillators  (no  phase¬ 
locking,  external  filtering  or  buffer 
amplifiers)  and  will  not  Include  vibration 
effects.  This  will  be  essentially  an  update 
to  Leeson's1  discussion  of  oscillator  noise 
and  will  be  presented  in  the  context  of  a 
simple  feedback  oscillator. 

There  ara  a  number  of  parameters  that 
are  used  to  quantify  random  frequency  or 
phase  fluctuations2  and  a  brief  summary  will 
be  presented  first.  The  spectral  density  of 
frequency  fluctuations,  s.r(f),  is  the  mean 
square  frequency  fluctuation  in  a  1  Hz 
bandwidth  at  the  noise  or  carrier  offset 
frequency  f  and  is  given  in  units  of  Hz2/Hz. 
If  S._(f)  1*  divided  by  the  square  of  the 
oscillator  frequency,  r  2,  the  normalized 
spectral  density  of  frequency  fluctuations, 
is  obtained. 


Sy(£), 


syCf> 


sflrm/*V 


(1) 


This  parameter  has  the  advantage  that  it  is 
invariant  under  frequency  multiplication. 
Another  commonly  used  pa rare ter  is  the 
spectral  density  of  phase  fluctuations, 

S .  ( f ) ,  which  is  the  mean  square  phase 
fluctuation  in  a  1  Hz  bandwidth  and  is  given 
in  units  of  radians  squared  per  Hz.  S6r(f) 
and  S^(f)  are  related  by  the  expression 

Sf(f)  -  Sar(f)/f2.  (2) 


Note  that  SAF(1)  -  s+(l)  at  f-1  Hz  .  If 
S^(f)  <<  1,  a  small  angle  approximation  can 
be  made  and  S^(f)  can  be  interpreted  as  the 
double-sideband  noise-to-carrier  ratio.  The 
quantity  <£(f)  is  used  to  denote  the  single¬ 
sideband  noise-to-carrier  ratio3  in  dBc/Hz, 
and  is  expressed  in  terms  of  S^(f)  by 

df(f)  -  10  Log(S+(f)/2).  (3) 
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strictly  speaking  ./(f)  should  only  be  used 
if  its  value  is  less  than  approximately  -20 
dBc/Hs,  but  it  is  commonly  used  even  f or  Much 
higher  values.  S^(f)  and  S.y (f)  are,  of 
course,  not  Halted  to  small  values,  since  it 
is  only  the  interpretation  of  phase  (or 
frequency)  fluctuations  as  tH  sidebands  that 
is  limited  to  small  values. 

Another  parameter  commonly  used  to 
quantify  random  frequency  fluctuations  is  the 
two-sample,  or  Allan4,  variance,  *  2(t). 

This  parameter  is  the  average  valui  of  one 
half  the  square  of  the  fractional  change  in 
frequency  between  two  adjacent  frequency 
measurements,  each  made  in  a  time  interval  t. 
Actually,  the  parameter  more  commonly 
referred  to  for  an  oscillator  is  the  square 
root  of  the  Allan  variance,  «  (t). 

In  most  free  running  (noh-phase  locked) 
oscillators  the  spectral  densities  have  a 
characteristic  power  law  dependence  on  the 
noise  (or  offset)  frequency,  f.  This 
dependence  is  illustrated  in  rig.  1  for  5^(f) 
and  v£)-  Generally,  not  all  of  the 
sections  are  present  ir,  a  single  oscillator, 
and  rarely  are  the  £“2  (white  frequency)  and 
f~2  (flicker  phase)  sections  present 
simultaneously,  ror  each  characteristic 

r)  can  be 


slope  in  rig.  1,  values  of  •  (t 
calculated2  from  either  S^(f)  o 


or  SAr( £ ) . 


rigure  2  shows  that  ey(x)  has  a  power  law 
dependence  on  t  whlctrls  analogous  to  that  of 
the  spectral  density  dependence  on  f.  The 
power  law  dependence  on  Z  (or  t)  is  generic 
in  nature  and  for  individual  oscillators  the 
exponents  may  not  be  exactly  intogers  (or 
half-integers),  but  may  vary  above  or  below 
the  indicated  values. 
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rigure  2.  rower  law  dependence  of  the 
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Figure  1.  Power  law  dependence  of  spectral 
densities. 


Sources  of  Phase  Noise 


The  basic  feedback  model  of  an 
oscillator  used  by  Leeson  is  very  useful  in 
understanding  the  characteristics  of  phase 
noise  in  oscillators.  Figure  3  illustrates 
this  model  in  both  the  open-  and  closed-loop 
conditions.  In  the  open-loop  condition,  the 
oscillator  components  will  impart  phase 
fluctuations  to  a  signal  which  is  passed 
through  them  at  the  intended  oscillator 
frequency  and  power  level.  To  distinguish 
open-loop  phase  fluctuations  from  closed-loop 
phase  noise,  the  symbol,  ',  will  be  added  to 
the  open-loop  spectral  densities.  Thus,  S^(f) 
represents  the  open-loop  spectral  density  of 
phase  fluctuations  and  <£'(f)  represents  the 
open-loop  single-sideband  noise-to-carrier 
ratio.  When  the  loop  is  closed,  oscillation 
will  occur  if  two  conditions  are  met.  First, 
the  loop  amplifier  must  have  sufficient  small 
signal  gain  to  overcome  the  loss  in  the  other 
loop  components,  and  second,  the  phase  shift 
around  the  loop  must  be  an  integer  multiple 
of  2n  at  a  frequency  for  which  the  first 
condition  is  satisfied.  This  approach  to 
oscillator  design  has  a  very  practical 
significance  in  that  the  noise 
characteristics  of  the  oscillator's 
components  as  measured  in  an  open-loop 
configuration  have  a  direct  bearing  on  the 
closed-loop  phase  noise  of  the  oscillator. 

As  illustrated  in  Fig.  3,  the  noise 
level  far  from  the  carrier  is  the  same  in 
both  the  open-  and  closed-loop  conditions  and 
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riguct  3.  Open-  «nd  closed-loop  configur¬ 
ations  of  a  feedback  oscillator. 


is  independent  of  noise  frequency.  However, 
as  the  noise  frequency  gets  smaller  (closer 
to  the  carrier),  the  closed-loop  noise  level, 
S.(f),  begins  to  deviate  fro*  the  open-loop 
level,  s!(f).  This  occurs  when  the  noise 
frequency  falls  within  the  3  dB  bandwidth  of 
the  resonant  device.  The  frequency  change 
caused  by  a  phase  change  can  be  calculated 
fro*  the  phase  condition  for  oscillation 

♦R  +  +E  -  N2n,  (4) 

and  the  phase  slope  or  group  delay  of  the 
resonator 

Tg  -  B4/(2nar0),  (5) 

giving 

BF0  -  (l/(2nTg))B*E,  (6) 

The  oscillator  frequency  must  change  in  order 
for  the  phase  shift  through  the  resonator, 


♦R,  to  compensate  for  the  change  in  phase 
shift,  A+g,  in  the  other  components.  t  can 
be  replaced  in  Eq.  6  with  the  loaded  Q,  Q^, 
by  using  the  relation 

Tg  -  QL/ar0  (7) 

to  give 

trQ  -  <r0/2QL)ME.  (8) 

Equation  8  can  be  expressed  in  terms  of  the 
spectral  density  of  frequency  fluctuations 

s6r(f)  -  (ro/20L)2s;E(f),  (9) 

or,  by  using  Eq.  2,  as  a  spectral  density  of 

phase  fluctuations. 

S4(f>  -  (F0/2Ql)2  S^(f)/f2  (10) 

The  result  is  that  inside  the  3  dB  bandwidth 
of  the  resonator  (f  <  F^Q^  ■  fT)  the 
closed-loop  noise  begins  to  rise  at  20 
dB/decade  if  the  open-loop  noise  is  white. 
This  is  illustrated  in  Fig.  3. 

The  phase  noise  in  oscillators  cones 
from  two  fundamentally  different  sources, 
namely  additive  voltage  fluctuations  and 
direct  parameter  modulation.  Additive  noise 
is  the  familiar  Johnson,  or  thermal  noise, 
and  will  be  discussed  only  briefly. 

Additive  Holse 

Additive  noise  is  generally  caused  by 
thermally  generated  voltage  fluctuations  that 
are  added  to  the  carrier  signal  and  result  in 
phase  and  amplitude  fluctuations.  As  il¬ 
lustrated  in  rig.  4,  these  voltage  fluctu¬ 
ations  exist  at  RF  frequencies  (FQ  +/-*)  and 
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Figure  4.  Additive  thermal  voltage 
fluctuations. 
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are  simply  added  to  tha  carrier  frequency. 

This  results  in  both  AN  and  FH  modulation  . 
However,  the  amplitude  limiting  function  that 
is  always  present  in  an  oscillator  suppresses 
the  AN  noise  and  may  cause  some  AN  to  PH 
conversion.  Though  there  is  some  disagree¬ 
ment  over  factors  of  2  in  the  level  of  the 
phase  noise1'6,7  the  author  has  generally 
found  Leeson's  expression  to  give  the  best 
results. 

S^E(f)  -  2GFKT/P0  (11) 

Here.  G  is  the  compressed  power  gain  of  the 
loop  amplifier.  F  is  the  noise  figure  of  the 
amplifier,  K  is  Boltzmann's  constant,  T  is 
the  temperature  in  *K,  and  PQ  is  the  carrier 
power  level  (in  watts)  at  the  amplifier 
output.  For  df'(f)  (in  units  of  dBc/Hz)  this 
becomes 

wC'ff)  -  -174  +  G  +  F  -  PQ,  (12) 

where  G  and  F  are  given  in  dB  and  PQ  is  in 
dBm.  For  offset  or  noise  frequencies  far 
from  the  carrier  (f  >  fT)  this  noise  level  is 
the  same  for  both  the  open-  and  closed-loop 
conditions.  Since  Johnson  noise  is 
independent  of  noise  frequency,  this  results 
in  a  flat  (white)  noise  spectrum  as  shown  in 
Fig.  3. 

As  is  well  known,  the  approach  to 
minimizing  thermal  phase  noise  is  to  reduce 
G,  F  or  KT  as  much  as  possible  and  to 
Increase  PQ.  Inside  the  resonator  bandwidth 
the  loaded  Q  becomes  a  factor  (Eq.  10)  and  it 
is  desirable  to  have  a  large  loaded  Q. 
However,  the  resonator  insertion  loss  and 
loaded  Q  are  related,  and  one  cannot 
arbitrarily  increase  Q,  without  Increasing 
the  Insertion  loss.  This  necessitates  then  a 
larger  amplifier  gain  G.  The  two  competing 
effects  result  in  an  optimum  loaded  Q  of 
approximately  one  half  the  unloaded  Q  and  an 
insertion  loss  of  about  6  dB8.  At  the 
present  time,  the  state-of-the-art  for  the 
noise  floor  level  is  about  -180  dBc/Hz  for 
SAW  and  BAH  resonators  above  approximately 
100  HHz .  For  lower  frequency  BAH  resonators 
the  level  gradually  rises  and  is  about  10  to 
15  dB  higher  at  5  HHz  due  to  power  handling 
limitations  of  the  resonators.  The  power 
level  that  can  be  used  with  dielectric 
resonators  is  higher  than  for  acoustic 
devices,  so  dielectric  resonator  oscillators 
(DRO's)  should  be  capable  of  noise  floors 
better  than  -190  dBc/Hz. 

Modulation  Noise 

The  second  basic  type  of  noise  is 
modulation  noise,  and  this  is  the  more 
interesting  type  since  the  sources  of  this 
noise  are  poorly  understood.  The  most 
familiar  form  of  modulation  noise  is  1/f  or 
flicker  noise.  Unlike  Johnson  noise,  flicker 
noise  is  not  usually  caused  by  additive 


voltage  fluctuations  but  by  direct  phase  or 
frequency  fluctuations  in  the  resonant  device 
or  by  phase  fluctuations  in  the  other 
electronic  components  of  the  oscillator.  For 
example,  if  the  phase  shift  through  the  loop 
amplifier  is  fluctuating,  this  results  in 
closed-loop  phase  noise  through  Eq.  10. 
Similarly,  if  the  resonant  frequency  of  the 
acoustic  device  fluctuates,  the  oscillator 
frequency  will  track  the  resonator  in  the 
same  feshior.  it  tracks  the  frequency- 
temperature  characteristic  of  the  resonator 
as  long  as  the  noise  frequency  is  inside  the 
resonator  bandwidth.  Figure  3  shows  the 
effect  of  1/f  open-loop  noise,  S 1 ( f ) ,  on  the 
closed-loop  noise  S.(f). 

These  phase  or  frequency  fluctuations 
are  undoubtedly  of  thermal  origin,  but  the 
precise  mechanism  or  mechanisms  are  not  yet 
understood.  However,  the  fact  that  they  are 
direct  phase  or  frequency  fluctuations  has 
some  important  consequences.  First, 
increasing  the  oscillator  power  level  does 
not  result  in  a  direct  reduction  in 
oscillator  noise  as  it  does  for  additive 
Johnson  noise.  This  was  demonstrated  by 
Elliott  and  Bray  in  Fig.  2  of  reference  9  for 
a  case  where  the  SAH  device  was  the  dominant 
source  of  1/f  noise.  Only  at  very  high 
incident  power  levels  (>+20  dBm)  has  it  been 
observed  that  permanent  changes  in  flicker 
noise  levels  occur  in  SAW  devices  and  this  is 
presumably  related  to  physical  changes  that 
take  place  in  the  resonator.  For  amplifiers, 
S^( f )  has  generally  been  found  to  be  largely 
independent  of  the  amplifier's  power 
capability,  but  as  will  be  discussed  later, 
S^(f)  can  be  increased  by  the  level  of  gain 
compression  that  is  present.  Thus  increasing 
the  oscillator  loop  power  generally  has 
little  or  no  effect  on  the  flicker  noise 
region  of  the  phase  noise. 

A  second  consequence  of  direct 
modulation  noise  is  that  the  open-loop  phase 
noise  levels,  S^(f),  of  each  component  add 
linearly.  Unlike  noise  figures,  where  the 
first  stage  in  a  cascade  of  amplifiers 
dominates,  there  is  no  phase  gain,  and  each 
component  contributes  its  level  of  s!(f)  with 
equal  weight.  Thus  a  multistage  amplifier 
will  generally  have  a  higher  flicker  noise 
level  than  a  single  stage  amplifier.  Also 
other  loop  components,  such  as  phase  shifters 
or  power  dividers,  may  contribute  to  the 
overall  open-loop  flicker  noise  level. 

A  third  consequence  of  direct  modulation 
noise  is  that  the  effect  on  oscillator  noise 
level  of  increasing  the  loaded  Q  will  depend 
on  whether  the  resonant  device  or  the 
amplifier  (or  other  non-resonant  component) 
is  the  dominant  source  of  noise.  If  the 
amplifier  is  the  larger  source,  increasing 
the  loaded  Q  will  reduce  the  oscillator 
flicker  noise  level  as  indicated  by  Eq.  10. 
However,  if  the  resonant  device  is  the 
dominant  noise  source,  changing  the  loaded  Q 
by  impedance  matching  will  have  little  to  no 
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•ffect  on  the  noli*  l«v«l.  This  observation 
was  reported  in  reference  10  where  SAN 
resonators  were  the  dominant  source  of 
flicker  noise.  The  resonator  flicker  noise 
is  nearly  Independent  of  loaded  Q  for  the 
same  reason  that  the  frequency-temperature 
characteristic  of  an  oscillator  is,  at  most, 
only  weakly  dependent  on  the  loaded  Q  of  the 
resonator. 


Figure  6  shows  the  results  of  a  similar 
measurement  on  a  single  commercial  CaAs  FET 
amplifier.  The  same  characteristics  are 
present  except  that  the  flicker  noise  level 
at  3  du  of  gain  compression  is  about  19  do 
higher.  GaAs  FET  amplifiers  are  well  known 
to  have  higher  flicker  noise  levels  than 
silicon  bipolar  amplifiers11  and  should  be 
avoided  if  at  all  possible. 


Open-loop  rlicker  Noise  Levels 


Open-loop  noise  measurements  are 
particularly  useful  since  each  oscillator 
component  can  be  evaluated  individually. 

This  is  especially  convenient  li’  the 
components  are  designed  to  operate  in  a  50 
ohm  environment.  By  measuring  each  element, 
the  dominant  source  of  flicker  noise  can  be 
Identified.  Figure  S  shows  the  measured  gain 
compression  and  flicker  noise  level  as  a 
function  of  input  power  for  two  pairs  of 
commercial  silicon  bipolar  transistor 
amplifiers.  As  can  be  seen,  the  flicker 
noise  level  at  1  Hi  Increases  as  the 
amplifiers  are  driven  into  gain  compression, 
of  the  four  amplifiers  mosured,  one  was 
particularly  noisy  at  low  input  power  levels 
and  showed  little  increase  in  noise  level 
with  increasing  drive  power.  With  3  dB  of 
gain  compression  (which  is  typical  for  many 
SAN  oscillators  that  do  not  have  separate 
limiters)  the  observed  flicker  noise  level  at 
1  Hi  was  about  -135  dac/Hz.  since  pairs  of 
amplifiers  were  being  measured,  the  level  for 
an  individual  amplifier  is  about  -138  dBc/llz. 
A  number  of  commercial  silicon  bipolar 
transistor  amplifiers  have  been  measured  and 
flicker  noise  levels  have  been  observed  to 
fall  in  the  range  of  -140  dBc/Hz  to  -125 
dBc/Hz,  with  -135  dBc/Hz  at  1  Hi  being  a 
typical  number. 


Figure  5.  Open-loop  flicker  noise  level 
and  gain  compression  as  a 
function  of  input  power  level 
for  silicon  bipolar  transistor 
amplifiers. 
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Figure  6.  Open-loop  flicker  noise  level 
and  gain  compression  as  a 
function  of  input  power  level 
for  a  CaAs  FET  amplifier. 

The  fact  that  both  types  of  amplifiers 
showed  relatively  constant  flicker  noise 
levels  at  low  input  powers  indicates  clearly 
that  the  noise  mechanism  is  not  additive  in 
nature.  Some  parameter  (such  as  base  to 
collector  capacitance)  which  contributes  to 
the  phase  shift  through  the  amplifiers  is 
fluctuating  in  time.  Furthermore,  as  the 
amplifier  is  driven  into  gain  compression, 
either  a  new  mechanism  appears  or  the  low 
level  one  is  modified.  At  this  time  the 
details  of  these  noise  mechanisms  are  not 
understood.  However,  it  is  obvious  that  gain 
compression  should  be  avoided  if  the 
amplifiers  are  the  dominant  source  of  flicker 
noise  in  an  oscillator.  Another  point  worth 
noting  is  that  flicker  noise*  levels  in 
commercial  amplifiers  are  never  specified  and 
that  clearly  these  levels  can  vary 
significantly  between  individual  amplifiers 
that  meet  all  of  the  manufacturer's 
specifications. 

The  flicker  noise  levels  of  quartz  BAN 
and  SAW  resonators  have  been  measured  by  a 
number  of  qroups9'  '  “  and  the  cypical 

level  ofuj’(f)  at  (or  extrapolated  to)  1  Hz  is 
about  -130  to  -125  dBc/Hz.  However  there  is 
a  substantial  variation  from  device  to  device 
and  observed  values  o£df’(f)  range  from  below 
-135  dBc/Hz  to  above  -110  dBc/Hz.  The 
author's  group  has  also  measured  the  flicker 
noise  levels  on  several  L-band  dielectric 
resonators  ana  found  them  to  be  at  or  less 
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th«n  -135  dBc/Hz.  The  actual  levels  way  be 
even  lower  since  the  observed  levels  were 
vwry  close  to  the  measurement  system  noise 
floor  for  the  conditions  under  which  the 
measurements  were  made.  These  observed 
levels  of  flicker  noiss  indicate  that  BAW  or 
SAW  resonators  will  ususally  be  the  dominant 
source  of  flicker  noise  In  an  oscillator  if 
state-of-the-art  amplifiers  are  being  used, 
while  for  DRO's,  the  amplifiers  will  probably 
be  the  dominant  source.  There  is  no  evidence 
of  power  dependence  in  resonator  flicker 
noise  levels  except  for  permanent  changes  at 
very  high  incident  power  levels.  It  is 
interesting  to  note  that  the  open-loop  phase 
noise  levels  for  devices  as  dissimilar  as 
high  Q  resonators  and  wlde-band  amplifiers 
arc  as  close  as  they  are. 

A  characteristic  of  flicker  noise  in 
resonators  that  has  not  been  discussed  in  the 
literature  is  the  fact  that  the  open-loop 
resonator  noise  may  vary  with  the  loaded  Q. 

If  flicker  noise  in  acoustic  resonators  is 
caused  by  frequency  fluctuations!  and  these 
frequency  fluctuations  are  not  strongly 
Influenced  by  the  load  Impedance  of  the 
oscillator  circuit  (S._(f)  is  constant)!  then 
from  Eq.  9  we  find  that  s^(f)  for  the 
resonator  varies  as  QL  . 

«},m  -  UQu/r0)\r(t)  (13) 

To  test  the  validity  of  this  assumption!  the 
open-loop  phase  noise  of  a  500  mix  SAW 
resonator  was  measured  under  two  different 
impedance  matching  conditions.  The  results 
are  shown  in  rig.  7.  Tor  QL  equal  to  5000( 
the  observed  noise  level  at  1  Hx  was  -127 
dBc/Hz.  For  equal  to  11,500,  the  noise 
level  was  -119  dBc/Hz.  From  Cq.  13  the 
predicted  change  in  phase  noise  for  the  two 
different  values  of  0L  is  7  dB  and  an  6  dB 
change  was  actually  measured.  The  data 


Figure  7.  Open-loop  flicker  noise  level  of 
a  500  mix  SAW  resonator  for  two 
different  values  of  the  loaded 
Q. 


clearly  shows  that  it  is  the  resonator 
frequency  that  is  fluctuating.  Note  that 
combining  Eq.  13  and  10  gives  the  result  that 
S,(f)  (closed-loop)  will  be  independent  of 
as  mentioned  earlier.  In  situations  where 
the  resonator  phase  noise,  S iR( f ) ,  is  not  too 
different  from  the  ampliflernoisc,  S^-(f), 
changing  the  loaded  Q  may  influence  which 
component  is  the  dominant  noise  source.  This 
may  explain  the  tendency  for  the  flicker 
noise  level  of  the  SAW  oscillators  in 
reference  10  to  increase  somewhat  at  low 
values  of  QL. 

Dependence  of  S^(f)  on  rQ  and  Qu 

An  interesting  observation  is  that  the 
typical  value  for  the  open-loop  flicker  noise 
level,  wt’(l),  on  acoustic  resonators 
(approximately  -130  to  -125  dBc/Hz)  is 
independent  of  the  de.lce  frequency.  This 
holds  for  devices  ranging  from  2.5  HHx  to 
over  1  CHx.  It  also  appears  that  the 
amplifier  flicker  noise  is  independent  of  the 
oscillator  frequency  (over  the  same  frequency 
range)  and  is  a  constant  5  to  10  dB  below  the 
typical  acoustic  resonator.  The  fact  that 
Sj(f)  is  constant  with  oscillator  frequency 
has  some  interesting  consequences.  Starting 
with  Eq.  10,  and  assuming  for  simplicity  that 
Qlh  1/2Qu,  where  Qu  is  the  unloaded  0,  we  get 

s4(f)  .  (r0/Qu)2s;m/f*.  (14) 

Furthermore,  by  making  use  of  the  fact  that 
the  0  F  product  is  constant  for  resonators 
operating  near  the  material  limit  for  the 
unloaded  Q 


0  x  F 
wu  o 


■  C  »  constant, 


(15) 


we  get 

( f )  =  (r04/c2)s'f(f)/f2 


(16) 


or 


( f )  a  (C2/Ou4)S^(f)/f2.  (17) 

Thus  we  find,  since  S^(f)  is  approximately 
constant,  that  the  closed-loop  flicker  noise 
level  will  have  either  a  1/QU'  or  an  TQ* 
dependence.  This  observation  has  been 
reported  in  references  10  and  14.  Figure  8 
(from  reference  10)  shows  the  observed 
closed-loop  flicker  noise  level  at  1  Hx  as  a 
function  of  unloaded  Q  for  a  number  of  BAW 
and  SAW  devices.  The  1/QU4  dependence  is 
clearly  evident.  Figure  9  shows  S^(l)  as  a 
function  of  FQ  for  a  subset  of  the  devices  in 
Fig.  8  which  were  operating  near  the  material 
limit  for  0  .  The  FQ  dependence  is  also 
clearly  eviaent.  Data  from  three  DRO's  is 
also  included. 

Observations  such  as  those  shown  in 
Figs.  8  and  9  make  it  possible  to  derive  some 
empirical  relations  for  estimating  flicker 
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Figure  8.  Oscillator  flicker  nols«  levels 
for  a  number  of  BAM  and  SAM 
rasonators  as  a  function  of 
unloaded  Q.  From  r«f«r«nc«  10. 


F0(Hz) 


Figure  9.  Oscillator  flicker  noise  levels 
for  a  number  of  BAH  and  SAW 
resonators  (with  Q  =  Q^)  as  a 
function  of  resonator  frequency. 


noise  levels  in  acoustic  resonator 
oscillators10'14'19  as  a  function  of 
Qu.  These  relations  are: 

ro  or 

S4( £)  =  (2xl013/0u4)(l/f3) 

(18) 

S^(f)  a  2xl0"39Fo4/f3  F0  in  Hz 

(19) 

«/{f)  s  -390  +  40log(Fo)-  30tog{£) 

(20) 

Sar(f)  =  2x10"39Fo4/£ 

(21) 

Sy(f)  a  2x10"39Fo2/£ 

(22| 

«y<  t)  =  5xi0"20ro 

(23) 

These  relations  give  an  approximate  lower 
limit  to  the  level  of  flicker  noise  ..•tat  can 
be  achieved  in  oscillators  using  acoustic 
resonators  that  have  unloaded  Q's  near  the 

material  limit.  The  noise  values  given  in 
the  equations  generally  reflect  observed 
levels  of  resonator  noise,  but  even  if  the 
loop  amplifier  is  the  dominant  flicker  noise 
source,  the  same  functional  relationship  with 
r  and  Qu  would  be  maintained.  The  only 
difference  would  be  in  the  proportionality 
constants. 

For  resonators  that  have  Qu  5  (2/3)0  , 
the  dependence  on  FQ  may  no  longer  be  valid 
and  the  estimates  in  Eqs.  19  through  23  will 
probably  be  too  low.  whether  Cq.  18  still 
holds  Is  also  open  to  question.  If  the 
loaded  Q  in  a  SAW  resonator  is  reduced  due  to 
the  addition  of  extra  metal  to  the  surface  of 
the  active  acoustic  area,  Eq.  18  will  still 
hold  even  when  the  loaded  Q  is  substantially 
below  the  material  limit20.  However,  if  the 
Q  is  reduced  by  air  loading  there  is  little 
change  in  the  flicker  noise  level20. 

Equations  20  through  23  could  have  been 
expressed  in  terms  of  Q  ,  but  because  of  the 
uncertainty  concerning  the  effect  of  reduced 
values  of  Qu  it  was  decided  to  use  F  and 
limit  the  usage  to  Qu»  0  . 

For  dielectric  resonators  the  Q  F 
product  is  higher  and  the  inherent  flicker 
noise  in  the  resonator  is  lower  than  for 
acoustic  resonators,  so  one  would  expect  the 
oscillator  flicker  noise  level  to  be  lower. 
This  is  confirmed  in  Fig.  9,  where  the  same 
Fp  dependence  is  evident  for  the  DRO's,  but 
the  noise  level  is  about  10  dB  lower  than 
that  of  the  acoustic  resonator  oscillators. 

A  significant  ramification  of  the  FQ 
dependence  of  s^(f)  is  that  the  flicker  noise 
of  an  oscillator  increases  faster  if  the 
resonator  frequency  is  increased  as  opposed 
to  using  frequency  multiplication.  This  is 
particularly  evident  from  Eq.  22,  which  is 
invariant  under  multiplication.  This  point 
is  further  illustrated  in  Fig.  10  where  the 
noise  levels  of  state-of-the-art  5  MHz  (BAW) 
and  500  MHz  (SAW)  oscillators  are  plotted. 

The  noise  level  for  the  5  MHz  BAW  oscillator 
after  frequency  multiplication  to  500  MHz 
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Figure  10.  rhusc  noise  spectra  of  a  500  MHz 
SAM  oscillator,  •  5  HHz  bah 
oscillator  and  th«  S  HHz 
oscillator  multiplied  by  100. 


(xlOO)  is  also  shown.  Not*  that  below 
approximately  400  Hz  the  multiplied  BAM 
oscillator  is  quieter  than  the  SAW 
oscillator.  Thus,  the  best  close-to-carrler 
noise  performance  is  obtained  by  using  a  low 
frequency  oscillator  and  then  multiplying. 
Obviously,  the  best  overall  performance  could 
be  obtained  by  phase-locking  the  SAM 
oscillator  to  the  BAM  oscillator  with  a  loop- 
lock  bandwidth  of  about  400  Hz. 

Oscillator  Noise  Characteristics 

Before  the  overall  noise  performance  of 
an  oscillator  can  b*  discussed,  one  more 
point  regarding  flicker  noise  needs  to  be 
made.  As  discussed  by  Kroupa  ,  if  a 
resonator  is  sufficiently  noisy,  and  the 
additive  noise  floor  is  sufficiently  low,  an 
additional  contribution  to  1/f2  (white 
frequency)  noise  will  be  present.  This  is 
illustrated  in  rig.  11.  As  Malls  and 
Walnwright'13  observed,  when  the  frequency  of 
the  phase  noise  from  a  resonator  exceeds  the 
bandwidth  of  the  resonator,  the  open-loop 
resonator  noise  begins  to  fall  off  as  1/f2  as 
shown  in  the  figure.  If  the  noise  floor  is 
sufficiently  low,  or  the  resonator  noise 
sufficiently  high,  there  will  be  a  region  of 
1/f2  dependence  in  the  open-loop  noise 
spectrum.  This  is  equivalent  to  having  f  > 
fT«  Nhen  the  oscillator  loop  is  closed,  only 
the  phase  noise  inside  the  resonator 
bandwidth  will  be  modified  and,  in  this  case, 
it  takes  on  a  1/f2  dependence.  The  closed- 
loop  noise  spectrum  of  Fig.  11  has  the  same 
shape  as  that  of  rig,  3  except  that  the 
intercept  of  the  1/f2  section  with  the  noise 
floor  occurs  not  at  f^  as  in  Fig.  3,  but  at  a 
larger  noise  frequency.  Thus  one  cannot 
always  use  this  intercept  in  the  oscillator 
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Figure  11.  Open-  and  closed-loop  configur¬ 
ations  for  a  feedback  oscillator 
in  which  £  >  f. 

Cl  T 


noise  as  a  means  of  estimating  the  loaded  0 
of  the  resonator.  Having  f  >  f  is  more 
likely  to  occur  in  low  frequency  (high  Q) 
resonators  where  fT  is  small. 

All  of  the  various  contributors  to  the 
noise  spectrum  of  an  oscillator  down  to  a 
noise  frequency  of  about  0.1  Hz  have  been 
discussed  and  an  approximate  analytic 
expression  can  be  presented.  By  combining 
Eqs.  10,  11  and  19,  and  by  using  the 
information  in  Figs.  3  and  ll  we  get 

VC)  a  |oAro4  +  <V(2Ql.,,2aE,/f3 

+  ,2aR°Lro3  +  «2CFKT/Fo)(Fo/(20b))2)/f2 

+  a£/f  +  2GFKT/PC.  (24) 

oR  is  the  flicker  noise  constant  for  the 
resonator  and  is  approximately  2xl0"3’ 
(rad/Hz)2  for  acoustic  resonators.  This 
constant  can  be  derived  from  open-loop  noise 
measurements,  s'A  f),  on  the  resonator  and  by 
using  Eq.  25. 

sOFlC)  “  °RFo4/f  “  (fo/{20r.,,2si(f)  (25) 

The  flicker  noise  constant  for  the  amplifier, 
aE,  is  typically  6xl0"i4  (rad)2,  and  is 
derived  fron  open-loop  noise  measurements  on 
the  amplifier  and  by  using  Eq.  26. 
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sj(f)  -  «e/£  (26) 

In  general,  the  Measured  closed-loop 
oscillator  noise  agrees  with  the  estimated 
oscillator  noise  based  on  open-loop  noise 
measurements  of  the  individual  oscillator 
components  to  better  than  3  dB.  Occasionally 
the  discrepancy  way  be  as  large  as  6  or  7  dB, 
but  on  the  average  the  agreement  is  within  3 
dB. 

Causes  of  Flicker  Noise 

rllcker  noise  is  presently  a  poorly 
understood  phenomenon  and  a  complete 
discussion  of  the  causes  of  flicker  noise  is 
beyond  the  scope  of  this  paper.  However, 
some  comments  regarding  flicker  noise  In  SAW 
resonators  can  be  made.  There  are  a  number 
of  possible  sources  for  frequency 
fluctuations  in  a  saw  resonator,  and  some  of 
them  are  listed  in  Table  1.  identifying 
which  of  the  many  possibilities  is  actually 
causing  the  flicker  frequency  fluctuations 
Is,  however,  a  difficult  task.  The  large 
variations  (v-  5  to  10  dB)  that  occur  in  the 
flicker  noise  level  of  "identical"  devices 
makes  it  particularly  time  consuming  (and 
expensive)  to  evaluate  different  design, 
fabrication  or  processing  variables  since  a 
large  number  of  devices  must  be  tested. 
However,  for  SAW  devices  there  is 
considerable  evidence  that  the  transducer 
metallzation  plays  a  major  role  in  flicker 
noise.  Observations  have  been  made  th* t  the 
physical  condition  of  the  transducer18'21  the 
type  of  metal  used17'21  the  amount  of  metal 
used20'21,  and  the  type  of  bond  wires  used21 
can  all  influence  the  flicker  noise  level. 


Table  1. 

Possible  sources  of  frequency  fluctuations. 
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Another  useful  piece  of  information 
regarding  flicker  noise  can  be  derived  from 
the  observation  that  S.(£)  (or  S Ar ( £ ) ) 
Increases  as  F  .  Some  of  the  potential 
sources  of  flicker  noise  listed  in  Table  1 
are  phenomena  that  originate  from  bulk 
properties  of  the  quartz,  for  example  the 
resonator  temperature  dependence  (static  and 
dynamic)  and  vibration  sensitive „y.  These 
parameters  result  in  a  fractional  frequency 
change  that  is  independent  of  the  device 
frequency.  For  example,  the  fractional 
change  in  frequency  with  temperature  for  a 
103  MHz  SAW  resonator  is,  to  first  order,  the 
same  as  that  for  a  1  GHz  resonator  if  they 
were  fabricated  on  the  same  cut.  Thus  we 
have 

0F/ro  -  AV/V  «  CONSTANT 

(no  dependence  on  FQ).  (27) 
In  terms  of  spectral  densities  we  get 

SAr( f )  »  r  2  X  CONSTANT,  (28) 

or  O 

2 

which  has  only  an  F  *  dependence.  Therefore, 
these  bulk  properties  can  be  ruled  out  as 
possible  sources  of  flicker  noise. 

However,  there  Is  a  class  of  effects 
that  do  have  the  correct  dependence  on  FQ, 
and  these  are  surfare  or  Interface  phenomena. 
If  a  surface  or  interface  property  causes  a 
fractional  change  in  velocity,  this  will 
result  in  a  fractional  change  in  frequency. 
However,  if  the  physical  thickness  of  the 
cause  of  the  velocity  change  is  much  less 
than  an  acoustic  wavelength,  X,  the 
perturbation  to  the  acoustic  velocity  will  be 
approximately  inversely  proportional  to  X  and 
will  therefore  increase  with  increasing 
frequency,  FQ.  We  then  have 

AF/FQ  -  AV/V  -  CONSTANT/X 

-  (F0  X  CONSTANTJ/V,  (29) 

which  gives 

SAr(f)  -  FQ4  x  CON5TANT/V.  (30) 

This  has  the  correct  functional  dependence  on 
Fq,  so  surface  or  interface  phenomena  should 
be  considered  prime  candidates  for  being  the 
source,  or  sources,  of  flicker  noise.  This 
class  of  phenomena  is  also  compatible  with 
most  of  the  observations  concerning  the 
importance  of  the  properties  of  the 
transducer  metal  to  flicker  noise  levels. 

Random  Walk  Noise 

There  is  another  type  of  modulation  noise 
that  occurs  at  very  low  noise  frequencies  (f 
<  0.1  Hz)  which  has  not  been  discussed  yet. 


107 


This  is  •  noise  process  for  which  S Ap( £ ) 
varies  as  1/f2  and  is  therefore  a  random  walk 
noise.  This  type  of  noise  has  been  observed 
for  both  SAW22  and  BAM23  devices,  though  in 
most  BAH  devices  the  noise  can  be  traced  to 
environmental  factors  such  as  temperature 
fluctuations23.  However,  random  walk  noise 
that  is  not  caused  by  any  known  environmental 


factors  has  been  observed  in  SAM  devices, 
rigure  12  shows  the  measured  noise  levels  of 
several  SAM  oscillators  over  the  noise 
frequency  range  of  10"8  H*  to  107  H*.  Below 
10"1  Hs,  the  observed  spectrum  is  close  to 
being  random  walk  in  nature,  rigure  13  shows 
the  results  of  similar  measurements  on 
another  425  MHz  SAM  resonator  oscillator 
except  that  the  data  is  plotted  in  the  time 
domain  in  terms  of  •  (t).  The  flicker  and 
random  walk  regions  Are  also  clearly  evident 
here.  The  bulga  in  the  data  near  f  ■  300  Hs 
was  traced  to  temperature  fluctuations  but 
the  other  regions  show  little  to  no 
correlation  to  temperature  variations.  For 
SAM  resonators  near  400  HHs  a  typical  level 
for  sar( f J  at  f  -  10"®  Hs  is  3x10  ,  though 
this  may  vary  from  device  to  device  by  more 
than  an  order  of  magnitude  either  way. 
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Figure  12.  Spectral  density  of  frequency 
fluctuations  for  three  SAW 
oscillators.  Random  walk  noise 
is  present  for  f  <  .01  Hs. 


Figure  13.  Flicker  and  random  walk  noise  of 
a  425  HHs  SAM  resonator 
oscillator  as  seen  in  the  time 
domain. 


There  is  not  enough  data  yet  to 
determine  precisely  what  the  dependence  on  Fc 
is  for  random  walk  noise,  but  the  one  data 
point  for  a  5  HHs  bam  device  that  does  not 
appear  to  be  caused  by  temperature 
fluctuations23  suggests  that  the  FQ 
dependence  is  greater  than  rQ2  and  may  even 
be  greater  than  fq  .  if  tile  ro’  dependence 
does  in  fact  exist,  it  is  then  not  surprising 
that  Inherent  random  walk  noise  is  more 
noticeable  in  high  frequency  SAM  devices  than 
in  low  frequency  bam  resonators,  even  less  is 
known  about  the  possible  causes  of  random 
walk  noise  than  for  flicker  noise,  but  there 
is  data  for  saw  devices  that  indicates  that 
there  is  a  connection  between  the  two22. 
Furthermore,  processing  steps  have  been 
recently  identified  that  reduce  both  flicker 
noise  and  random  walk  noise. 

Conclusions 


Considerable  progress  has  been  made  over 
the  last  10  to  15  years  in  the  understanding 
of  close-to-carrier  noise  processes  in  stable 
oscillators.  Though  a  complete  explanation 
is  far  from  being  in  place,  many  major 
characteristics  hove  come  to  light.  The 
oscillator  designer  can  now  make  informed 
decisions  about  many  of  the  oscillator  design 
parameters.  Also,  teeson's  model  still 
provides  a  suitable  framework  for  developing 
approximate  expressions  for  oscillator  noise 
characteristics. 

At  this  time  there  is  no  way  of 
predicting  flicker  noise  levels  in  individual 
oscillator  components,  and  it  is  therefore 
highly  desirable  that  manufactures  of 
resonators  and  amplifiers  begin  to  measure 
and  specify  flicker  noise  levels  in  their 
products. 
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The  NAVSTAR  Global  Positioning  System  (GPS)  of  the  U.  S.  Department  of 
Defense  is  a  military  and  civilian  navigation  and  time  transfer  system  based  on  a 
constellation  of  satellites  carrying  atomic  clocks.  Six  satellites  are  currently  operational 
(with  an  ultimate  goal  of  21  satellites),  in  12-hour  Earth  orbits  at  11,000  miles  altitude. 
The  present  uncertainty  in  the  system  is  20  ns  in  time,  or  less  than  10  m  in  position.  At 
this  level  of  accuracy,  the  effects  of  Einstein’s  theory  of  relativity1,2  must  be  taken  into 
account  to  obtain  accurate  and  consistent  measurements.  These  include  the  special 
relativistic  time  dilation  and  the  gravitational  redshift,  which  affect  clock  rates,  and  the 
Sagnac  effect,  which  involves  synchronization  of  orbiting  clocks. 

Recently,  a  study  was  carried  out  under  the  auspices  of  the  Air  Force  Studies  Board 
(Commission  on  Engineering  and  Technical  Systems/National  Research  Council)  to 
evaluate  the  adequacy  of  present  methods  for  taking  relativistic  effects  into  account  in 
GPS,  and  to  make  recommendations  for  future  improvements.  In  this  paper  we  report 
the  conclusions  and  recommendations  of  that  study3. 

(1)  Current  methods  for  treating  relativistic  effects  are  valid  to  well  below  the  2  ns 
level,  and  have  been  verified  empirically  in  GPS  to  5  ns. 

(2)  Improvement  in  accuracy  in  GPS  from  the  current  20  ns  to  2  ns  is  desirable  and 
possible  without  new  technology,  by  establishing  liming  discipline  at  ground  monitor 
stations,  by  maintaining  the  high-latitude  monitor  station  in  Alaska  for  a  few  more  years, 
and  by  making  distance  determinations  to  at  least  one  satellite  that  arc  independent  of 
the  satellite  clocks,  in  order  to  separate  satellite  ephemeris  errors  from  clock  errors. 

(3)  For  sub-nanosecond  accuracy  and  long-term  improvements,  a  number  of  studies 
were  recommended  to  determine  the  benefits  of  improved  distance  determinations  to 
satellites,  of  improved  compensation  of  ionospheric  and  tropospheric  effects  on  the 
navigation  signals,  and  of  coordinated  use  of  clocks  with  higher  stability  and  reliability. 

(4)  Accurate  time-transfer  systems  such  as  GPS  offer  the  opportunity  to  study 
fundamental  relativistic  questions. 


1.  C.  M.  Will,  1981,  Theory  and  Experiment  in  Gravitational  Physics,  Cambridge: 
Cambridge  University  Press. 

2.  C.  M.  Will,  1986,  War  Einstein  Right?,  New  York:  Basic  Books. 

3.  C.  M.  Will  (cd.),  D.  B.  Debra,  D.  Eardley,  W.  O.  Hamilton,  J.-S.  Leung,  B. 
McMillan,  R.  Matzner,  R.  F.  C.  Vessot,  G.  M.  R.  Winkler,  and  N.  Yannoni,  1986, 
Accuracy  of  Time  Transfer  in  Satellite  Systems,  Washington:  National  Academy 
Press. 
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Snot 

Model*  of  clock  error*  are  of  Interest  In 
undemanding  the  NAVSTAR  CPS  Conlrol  Segnent  a* 
well  as  In  the  design  and  simulation  of  user  equip¬ 
ment.  In  these  practical  situations,  the  question 
of  how  the  clock  model's  noise  properties  relate  to 
the  Allan  Variance  Is  Important.  In  particular,  the 
relationship  between  the  diffusion  coefficients  or 
so-called  process  nolst  parameters  for  the  stochas¬ 
tic  differential  equation  often  used  in  Kalman  fil¬ 
ters  to  mode)  the  behavior  of  oscillators  and  the 
Allan  Variance  must  be  understood.  In  this  paper, 
the  relation* alp  Is  stated  and  derived  using  Inte¬ 
grals  of  stoenastlc  processes  as  the  natural  too). 

The  Instantaneous  time  error  of  a  clock  run 
from  a  precision  oscillator  Is  sometimes  modeled  as 
a  simple  linear  stochastic  differential  equation 
with  constant  coefficients.  This  I*  the  ease  with 
the  Global  Positioning  System  control  segment,  which 
uses  a  Kalman  filter  to  make  error  estimates  and 
predictions. 

In  practical  situations,  the  question  of  h»w 
the  model's  noise  properties  relate  to  the  All'in 
variance  Is  of  Importance.  In  this  paper,  the  rela¬ 
tionship  Is  stated  and  derived  using  Integrals  of 
stochastic  processes  as  the  natural  tool.  The  most 
sophisticated  tool  Is  the  Wiener  Integrol,  a 
Stleljts-typ*  Integral  of  a  non-random  Integrand 
with  respect  to  a  Wiener  process.  Appropriate  ref¬ 
erences  are  (1-3).  References  covering  linear  sto¬ 
chastic  differential  equations  are  (2,  4,  and  5). 

Concerns  expressed  by  Rutman  In  (A)  and  (7)  re¬ 
garding  the  use  of  a  power  law  spectral  density 
model  for  the  non-sutlenary  diffusion  resulting 
from  such  a  model  are  also  addressed.  In  fact,  it 
Is  shown  that  some  of  the  parameters  appearing  In 
the  power  law  model  can  be  precisely  Interpreted  as 
parameters  associated  with  the  linear  stochastic 
differential  equation.  Unfortunately,  this  does  not 
apply  to  flicker  noise. 


Is  often  termed  the  frequency  drift.  This  model  Is 
used  In  the  GPS  Kalman  filter. 

this  mode)  also  Illustrates  the  concerns  Rutman 
raises  In  (6)  and  (7).  for  one  thing,  since  the 
Brownian  sample  paths  bj(t)  are  nowhere  differ 
entlable  (10.  page  9).  the  stochastic  differentials 
are  difficult  to  Interpret.  However,  this  Is 
handled  rigorously  In  (1*5.  10).  Of  a  more  serious 
concern  Is  that  the  system  above  does  not  seem  to 
admit  a  stationary  solution,  since  the  coefficient 
matrix  does  not  have  negative  eigenvalues.  (See  (4. 
Chapter  8,  Section  ?}.)  Because  of  this,  the  solu¬ 
tion  vector  cannot  be  said  to  rollov  a  node)  given 
by  a  power  spectral  lev. 

Nonetheless,  the  power  law  model  as  described 
In  (7-g)  can  be  applied  through  th*  fact  that  the 
solution  of  the  above  system  can  be  Gaussian  with 
stationary  Increments. 

The  solution  to  this  equation  Is 

SCI)  »  act.  t0)S»t0)  *  fl  4(1,  v)d8(v) 

lc 

where  Hi,  l0)  «  exp(A(t  -  i0))  and  S(t0)  Is  the 
initial  condition  (?.  4.  S).  If  It  Is  assumed  that 
S\lu)  Is  a  non-randoa  constant,  then  S(t)  I* 
Gaussian  with  stationary  Increments  (4,  Chapter  8. 
Section  ?). 

The  time  error  Is  given  by 


0  *  v 

*{t)  «  *tt0)  *  y(t0)(l-t0)  **  Kt0)  — f-2-  ♦ 


Let  x(t)  denote  the  Instantaneous  lime  error 
of  a  clock  run  from  an  oscillator  with  Instantaneous 
frequency  v(t)  =•  v0  ♦  Av(t),  following  standard 
terminology  (7-9).  Then,  formally, 

y(t)  •  ,  where  y(t)  «  . 


This  notion  can  be  given  mathematical  precision 
with  the  model 


0  1  0 


0  0  0 


dbj(t) 


0  0  1  y(t)  dt  f  db2(t) 


db3(t) 


which  will  be  denoted  dS(t)  -  AS(t)dt  ¥  dB(t). 
where  the  bj(t)  are  Independent  Wiener  processes 
with  constant  diffusions  qj.  The  variable  z(t) 
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The  Integrals  are  white  noise  Integrals  and  arc  de¬ 
tailed  In  (1-5,  TO).  They  can  be  differentiated  to 
produce  the  stochastic  differentia)  equation 

d*(t)  -  y(t0)dt  ♦  z(to)(t  -  t0)dt  ♦ 
f  dbj(t)  ¥  b2(t)dt  ¥ 


(  jf  (t  -  x)db3(X)  J  dt. 


The  Allan  variance  Is  concerned  with  random  fluctua¬ 
tions  over  a  fixed  time  Interval  t.  By  assuming 
x( t0) .  y(t0),  and  z{t0)  are  non-random, 
they  can  be  determined  and  removed,  at  least  In 
theory.  For  this  reasrn.  they  will  be  assumed  zero, 
leaving  the  stochastic  differential  equation 


112 


y(i)<H  ■  dx(t)  ■  db^(t)  ¥  b„(t)dl  ¥ 

^  (-(l  <l  ‘  X,d,l3(X>  ]  dl* 

This  equation  provide!  the  relationship  to  the 
pswr  law  model.  In  order  to  Veep  the  terminology 
consistent  with  the  engineering  literature,  let 

t0  be  t|(  and  compute  the  Integral  of  y(t)dt 
between  tk  and  tyM  (see  (1,  2.  or  3J  for  detail! 
regarding  these  calculation!}: 

fV*  rh*' 

J  k  y(t)dt  •  J  *  db.{i>  f  J  *  bj{t)di  ♦ 

t«.  t.  tt 


¥  fx*  ( ^  (t-x)db3(x)  )  dt  . 


The  flnt  integral  on  the  right  tide  ii 
b)(t|c  ♦  t)  *  bjdk).  which  ha!  the  tame 
mean  and  variance  S!  bjd).  and  being  Gaunian 
i!  thu!  statistically  equivalent  to  bg( t) .  which 
ha!  aero  Man  and  variance  qp. 

The  lecond  Integra)  ha!  mean  zero,  since 
bj(i)  is  zero  mean,  its  variance  Is  obtained  by 
noting  that  b;(t)  beginning  at  ik  has  covarl~ 
ance  Vernal  k(s,  t)  «  q;((SAt)  -  tk),  where 
!At  Mans  minimum  of  s  and  t. 


Now  the  variance  of  J  b,(t)dt  Is 
*k 

obtained  by  computing  a  deterministic  (Niemann) 
integral 


V' 


-V’  \ 


Yar  (  /  b2(t)dt  j  . 
'  *k 


f V* 

’  ^  \  \ 

■,(//  dt(/ksdsf/k  tds)-v2) 


{ (SAt)  -  tk)  dsdt 


"  q2  3~ 


>■1 


V’ 

Thus.  J.  b,(t)dt  Is  Gaussian  with  zero  mean 


and  variance  q?  j"  . 

The  third  integral  also  has  zero  mean.  If  2. 
rt 

denotes  J  (t-x)db3(x)  for  t  >  tk .  then  its 
’‘k 

variance  is 


rv’  rvT 
%  V1  \  V* 

/V1  r\a 

•  J  *  J  K  E^jJdtdi 

t«.  It. 


‘V  lv 

first,  it  it  necessary  to  compute 

E(*t?j)  *  £  1 7^  ^■x^l(t5.,t}dv3^) 

.qj^d.XHs.XJIj^^lj^^dX 

/•SAt 

«  Q,  /  (t-x)(!-x)dx 

■/tL 


(T>mix(s,t)) 


/  /  lk  \ 

»  q3  (  tS({!At)«tk)-(!K)f  -f- - f-J 

i)- 


3  .3 


If  this  Is  integrated  with  respect  to  s  and  t 
over  the  square  with  sides  tk  to  tfcM.  the  result 

is  03  jQ  .  with  the  intermediate  calculations 
ts((SAt)-tk}dsdt  * 


■  K-’ «■, -4 * if -s  • 


_  I  /  k  /  k  '  (SH)[{SAt)2-J)dsdt  - 


2  t 


i  ,2  3  J,  a  JL  5 
'  '  3  V  '  12  lk  *  “  60  T 


and 


t,>T  /*tk+‘ 


.  fY*  r 

3 


[(SAt)3-tjj]dsdt 


1,2  3  1,  4  J.  5 

“  3  lk  ’  f  6  lk  T  f  30  T 

Since  each  of  the  Wiener  processes  bj(t)  is 
assumed  independent,  this  shows  that 

/VT 

J  y(t)dt  is  Gaussian  with  mean  zero  (assuming 
U 
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the  'trend*  has  been  removed)  and  variance 
3  S 

V  f  q2  3"  >  q3  20  • 

Notice  that  this  expression  (or  the  variance  is 
Independent  of  the  endpoints  and  depends  only  on 
t.  This  shows  that  the  integrals  of  y(t).  for 
each  tk,  fora  a  sequence  of  independent,  identi¬ 
cally  distributed  Causslan  random  variables.  Of 
course,  tk  »  i  ■  t^j  by  assumption,  which 
corresponds  to  there  being  no  dead  time  In  the  meas¬ 
urements. 


IfttAUinJteilBSi 

following  (7)  and  (9),  the  Allan  variance  is 
defined  as  an  ensemble  average.  Ignoring  the  ques¬ 
tions  regarding  ergodlcity  of  the  processes,  which 
relate  to  methods  of  obtaining  estimates.  Note  that 
the  statistics  computed  above  are  ensemble  aver¬ 
ages.  (he  definition  used  here  is  that  of  the  zero 
dead  time,  two-sample  Allan  variance 

0y(O  -  \  -  Yk)2)  . 

where  ?k  »  -  J  y(l)dt.  8y  what  was  shown  in 
*k 

the  last  section.  fktl  and  ?k  are  independent 

and  aero-mean.  Furthermore,  the  variance  of  ?k  is 
independent  of  k  for  each  k,  and  indeed  the 
random  variables  Yk  are  identically  distributed 
for  each  k,  assuming  t^  ■  t^M.  Therefore, 


Var(Ykf,)  -  Var(Yk)  •  EtYZ]  - 


the  frequency  fluctuations  are  measured  in  nanosec¬ 
onds  over  a  time  interval  of  seconds,  qj  is 

(ns)2/s,  q2  is  (ns/s)2/s  or  {ns)2/s3,  and  q3  is 
(ns)Z/sS. 

One  way  to  understand  this  is  to  note  that  the 
Brownian  motion  process  bt  has  variance  propor¬ 
tional  to  time,  so  that  Var(bt)  *  qt. 

Haybeck  (5,  p.221)  explains  the  units  by  noting 
that  db(  Is  delta  correlated  and  the  delta  func¬ 
tion  has  units  of  (time)-!,  so  that  Var(dht) 
«  qi(l).  In  either  case,  q  would  be  forced  to 
have  units  of  variance  per  time. 

Note  that  these  units  are  also  consistent  with 
the  unitless  nature  of  the  Allan  variance.  If  the 
units  of  q\  are  (tlme)3f/(tlme),  then  q\/t 
would  be  unllicss.  Because  of  this,  N0  and  N; 
will  also  have  units  of  variance  per  time. 

Conclusion 

It  has  been  shown  how  the  two-sample,  aero  dead 
time  Allan  variance  can  be  related  to  a  white  noise 
stochastic  differential  equation  sometimes  used  to 
model  precision  oscillators  in  Kalman  filter  based 
estimation  schemes.  One  particular  application  Is 
the  Global  Positioning  System's  estimation  scheme. 

This  relationship  is 


*(,)  .'ll  '.’hL  +  'jL 

j tw  »  *  i  *  ?n 


20 


where  the  q(  are  dirruslon  parameters  (also 
called  process  noise)  related  to  time,  frequency, 
and  frequency  drift  states. 


■  Var 


■ 


I 


FslticK&i 

1.  Lampcrtl.  John,  Stochastic  Processes.  Sprlngcr- 
Verlag,  New  York,  1977. 

2.  Soong,  T.T.,  Random  Differential  Equations  in 
Science  and  Engineering.  Academic  Press,  New 
York,  1973. 


which  is  easily  calculated  as 


(dji 


q2  3^ 


f  q3  20  J 


2lf  QJl,  QJL 

t  3  20 


3.  Parzcn,  Emanual,  Stochastic  Processes.  Ilolden- 
Day,  Inc.,  1962. 

d.  Arnold,  Ludwig,  Stochastic  Differential  Equa¬ 
tions:  Theory  and  Applications.  John  Wiley  and 
Sons,  New  York,  1974. 


Then 

Oy(T)  -  \  <Var<Vi>  f  Var{Yk))  -  “  (2  Va-(Yk)), 

because  of  the  independence  of  ?kf^  and  Yj,. 

Using  Hedltch's  notation  in  (9).  where  he  writes 
?  N  N  t 

o^(t)  ■  “  f  -y-  (Ignoring  flicker  noise,  which  he 

includes,  and  the  drift  noise,  which  is  included  in 
the  white  noise  model),  q^  ■  Nq  and  q?  = 


5.  Haybeck,  Peter  S.,  Stochastic  Models.  Estima¬ 
tion.  and  Control.  Vol.  1,  Academic  Press,  New 
York,  1979. 

6.  Rutman,  Jacques,  "Oscillator  Specifications:  A 
Review  of  Classical  and  New  Ideas,'  Proc.  31st 
Annual  Frea.  Control  Svrop,.  Atlantic  City, 
N.J.,  June  1-3,  1977. 

7.  Rutman,  Jacques,  “Characterization  of  Phase  and 
Frequency  Instabilities  in  Precision  Frequency 
Sources:  Fifteen  Years  of  Progress,'  Proc. 
IEEE.  Vol.  66.  pp. 1048-1075,  September  1978. 
(Reprinted  in  (11). ) 


A  Remark  About  Units 

The  units  of  the  diffusion  parameters  qj 
are  (variance  (Xj))  per  unit  time.  Hence,  If 


8.  Barnes,  James,  et  al.,  'Characterization  of 
Frequency  Stability. ■  IEEE  Trans.  Instrum. 
Heas..  Vol.  IM-20,  pp. 105-120,  Hay  1971. 
(Reprinted  in  (11].) 


114 


I.  Nadltth,  J.S.,  ’Clock  Crror  Model)  for  Simula¬ 
tion  and  Estimation,"  Aerospace  Mport  No.  10N- 
00H(M74-01)-2,  lhe  Aerospace  Corporation, 
7  July  117$. 

10.  McKean,  H.?..  Stochastic  Inteorals.  Academic 
Pre*i,  New  York,  1M». 

II.  Kroopa,  Venceslov  F.  (ad.),  Freouencv  stabil¬ 
ity-fundamentals  and  Measurement.  U£C  Pro). 
New  York,  1113. 


115 


41*t  Annual  Frequency  Control  Symposium  -  1987 
THEORETICAL  ANALYSIS  OF  THE  MODIFIED  ALLAN  VARIANCE 


L.  G.  Dernier 

Laboratoire  d'Electromagnitisme  et  d’Acoustique, 
Ecole  Polytechnique  F«d4rale,  Lausanne,  SWITZERLAND. 


Summary 

This  paper  presents  a  theoretical  analysis  of 
the  modified  Allan  variance.  It  is  shown  that, 
if  used  under  the  proper  conditions,  the  mod¬ 
ified  Allan  variance  can  eliminate  not  only  the 
temporal-spectral  ambiguity  it  was  designed 
to  solve,  but  also  the  system  bandwidth  de¬ 
pendence  of  the  original  Allan  variance. 

lairoduciioa 

In  recent  years,  much  work  has  been  done 
about  the  characterization  of  frequency  stabi¬ 
lity  m  the  time  domain.  It  appears  that  the 
mam  requirements  for  a  good  definition  of 
frequency  stability  are  the  following  . 

1)  The  definition  should  be  stationary  even  if 
the  underlying  frequency  process  is  not. 

2)  The  relationship  between  the  tjme  and 
frequency  domains  should  be  bi-univocal 
so  that  the  power  spectral  density  of  the 
frequency  fluctuations  could  be  reconsti¬ 
tuted  from  the  time  domain  measure¬ 
ment 

3)  The  measuremen\  should  characterize  ex¬ 
clusively  the  oscillator  under  test  and,  in 
particular,  it  should  be  independent  of  the 
measuring  system  bandwidth 

Assuming  that  the  frequency  fluctuations  are 
properly  described  by  the  usual  polynomial 
model1 


which  represents  the  single-sided  power  spec¬ 
tral  density  of  the  normalized  frequency  de¬ 
viation  y(t),  it  can  be  shown  that  the  defini¬ 
tion  of  the  Allan  variance  meets  the  first  re¬ 
quirement  for  all  the  noise  processes  in  the 
model2.  It  can  be  shown,  moreover,  that  the 
two  other  requirements  are  also  met  for  all 
but  two  kinds  of  noire  :  the  phase  flicker 
(a=l)  and  the  white  phase  noise  (a=2)  pro¬ 
cesses1  .  For  both  these  processes,  the  de¬ 
pendence  of  the  Allan  variance  upon  the  av¬ 
eraging  time  t  is  nearly  the  same  and  the 
variance  itself  is  dependent  on  the  bandwidth 
of  the  measuring  system. 


The  modified  Allan  variance  was  introduced 
by  Allan  and  Barnes  *  in  1981  with  the  spe¬ 
cific  purpose  of  rectifying  the  temporal-spec¬ 
tral  ambiguity  of  the  original  Allan  variance 

The  temporal  method  used  by  Allan  and 
Barnes  »s  based  on  the  generalized  autoco- 
vanance  function  of  the  time  function  x(t) 
Us  actual  high  frequency  behavior  depends  on 
*he  hardware  bandwidth  and  is  not  tractable 
in  the  time  domain.  As  a  result,  the  authors 
assumed  that  the  dependence  on  the  hard¬ 
ware  bandwidth  is  the  same  for  both  the 
original  and  the  modified  Allan  variances.  In 
a  more  recent  work,  Lcsage  and  Ayi*  used  a 
spectral  method  and  found  the  same  harware 
bandwidth  dependence  as  Allan  and  Barnes 


This  paper  presents  a  new  spectral  analysis  of 
the  modified  Allan  variance  that  takes  into 
account  the  exact  high  frequency  behavior  of 
the  irequency  fluctuations  The  principal  re¬ 
sult  is  the  demonstration  that  the  dependence 
of  the  modified  Allan  variance  on  the  hard¬ 
ware  bandv'dth  can  be  completely  eliminated 
if  a  large  number  of  samples  is  used  and  if  a 
proper  sampling  rate  is  selected. 


Analysis  of  the  modilied  Allari-Vliriance 

The  original  definition  of  the  modified  Allan 
variance  was  expressed  in  terms  of  the  sam¬ 
ples  x*  of  the  time  function  x(t)5  : 


Mod  o“  (nxn)  = 


Vi 


l  A 
i  n 

L  n  i«i 


2  1 


l+2n  "  2xi+n  +  Xl^ 


(2) 


where  to  is  the  averaging  time  and  n  the 
number  of  frequency  samples.  E{  }  is  the 
mean  value  operator.  The  time  function  x(t) 
is  defined  as  the  integral  of  the  normalized 
frequency  process  y(t)1  Hence,  the  time 
samples  Xk  may  be  computed  from  the  fre¬ 
quency  samples  yk  using  : 


y.  = 


xi  "  xl-l 


(3) 
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(9) 


Rewriting  the  original  definition  in  terms  of 
the  frequency  samples,  one  obtains 


A  close  examination  of  this  last  form  demon¬ 
strates  that  the  calculation  of  the  modified 
Allan  variance  covers  two  distinct  operations 
as  explained  below 

First  Optra  non 

The  summations  on  k  represent  a  juxtaposi¬ 
tion  of  n  adjacent  elementary  samples  aver¬ 
aged  over  an  interval  to  The  result  of  the 
juxtaposition  is  equivalent  to  a  single  sample 
averaged  over  an  interval  nto  since  the  fre¬ 
quency  counter  is  assumed  to  have  no  dead 
time 

Second  Operation 

The  summation  on  l,  on  the  other  hand,  re¬ 
presents  a  discrete  moving  average  (DMA) 
operator  applied  over  an  interval  of  length  nto 
using  n  discrete  samples 

The  similarity  between  the  original  and  modi¬ 
fied  variances  can  be  highlighted  by  restating 
equation  (4)  m  terms  of  the  continuous  mov¬ 
ing  average  (CMA)  and  first  increment  (FI) 
operators  as  follows. 

Mod  Oy(nt0)  s  (5) 

/2  E  ^  |AtnToHy(t0+(i+2n)v0,  ntQ)} 

where  to  is  the  time  origin  The  CMA  operator 
is  defined  as 

y(t,t)  =  i  y(u)  du  (6) 

T  V, 

and  the  FI  operator  as 

Aft)  {y ft))  s  y(t)  -  y(t-t)  (7) 

Using  the  same  operators,  on  the  other  hand, 
the  definition  of  the  original  Allan  variance 
reduces  to 

OyW  =  Vz  E{  (2(t)  }  (8) 

where  ((t)  is  defined  as 


',(*»  H  A(T){  ytt.T)  } 

Comparing  equation  (8)  with  equation  (5),  it 
appears  that  the  difference  between  the  origi¬ 
nal  and  modified  Allan  variances  reduces  to  a 
supplementary  DMA  operator  in  the  case  of 
the  modified  Allan  variance  This  supplcmen- 
*ary  operator  determines  the  "software  band¬ 
width-  discussed  in  Allan  and  Barnes'  paper 
This  is  illustrated  in  the  functional  diagram  of 
figure  i  that  shows  the  sequence  of  operators 
that  must  be  applied  t?  the  frequency  process 
y(t)  in  order  to  produce  cither  the  True 
variance,  RtJ,  or  the  original  and  modified 
Allan  variances  For  n«l,  it  can  be  verified 
that  the  original  and  modified  Allan  variances 
are  identical 


Future  J 

Operational  model/carion  of  the  True  variance 
and  of  the  enema/  and  modified  Allan 
variances 


!f  the  number  n  of  samples  goes  to  infinity 
while  the  averaging  time 


t  5  nro  (10) 

is  kept  constant,  the  DMA  operator  may  be 
replaced  by  its  continuous  equivalent.  There¬ 
fore,  the  asymptotic  modified  Allan  variance, 
l  e  the  modified  Allan  variance  for  n=oo, 
may  be  defined  as 
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Hence.  the  asymptotic  Allan  variance  may  be 
calculated  in  the  spectral  domain  by  cascading 
twice  the  CMA  transfer  function  and  once  the 
F!  transfer  function  The  result  is  as  follows 


Mod  Oyfoo.r) 


Syy(f) 


sin^nfx) 

fnfx)4 


df 


m 


This  last  integral  was  calculated  for  each  term 
of  the  polynomial  mode!  The  result  is  given 
in  table  1  below 


'*yy(ri 

Mod  r) 

tog-log 

slope 

-1 

11/20  rr  h_2  t 

1 

.i  r« 

1/8  (271n3  -  32ln2)  h_, 

0 

> 

’A  h0  rl 

-1 

i  t 

3/(871*)  h,  I8!n2-3!n3)  t"2 

_2 

,  f2 

3/(8n2)  h2  t-5 

-3 

Tabic  1 

Relationship  between  the  asymptotic 
modified  A/fan  variance  and  the  polynomial 
model 


From  this  table,  it  can  be  observed  that  the 
slope  ambiguity  of  the  original  Allan  variance 
is  now  resolved  The  slope  u  as  a  function  of  t 
obeys  the  law 


5  U 

Mod  cy(«\T)  cct  where  p  h  -l-o 

for  -2  £  o  <  3  (13) 


where  the  condition  a  2:  -2  guaranties  the 
stationarity  of  ((t.V)  The  condition  a  <  3  will 
be  explained  below  The  ratios 


R(n)  = 


Mod  oy(nt0) 

°y(nT0) 


(14) 


were  also  calculated  for  different  values  of  a, 
using  table  1  and  table  1!  in  l .  The  result  is 
given  in  table  2  below 


The  law  (13)  that  determines  the  slope  p  is  in 
agreement  with  Allan  and  Barnes’  results,  as 
well  as  the  ratios  R(co)  computed  above  for 
a=-2,  -1  and  0  (see  table  2  in  3),  For  a=l 
and  2,  however,  the  present  analysis  shows 
that  the  dependence  of  the  modified  Allan 
variance  on  the  hardware  bandwidth  can  be 
completely  eliminated.  Hence,  the  ratios  R(co) 
are  dependent  on  B. 


a  Rt  it*  * 


-2 


-1 


0 


a-! 

10  " 

27ln3  -  32!n2 
161n2 

1 

M  ■ 

im 

8in2  -  3ln3  _ 
2ln(2nBt) 

1 

2Bt  " 


0  825 
0  671 

0  5 

1  121 
ln(2nBt) 

Bx 


Table  2 

Ratios  Rtdil  computed  tor  integer  values  of  o 


The  difference  between  the  high  frequency  be¬ 
haviors  ©f  the  original  and  modified  Allan 
variances  may  be  explained  by  a  comparison 
©i  the  spectral  equations  (12)  and  (16)  using 
n»l  On  one  hand,  there  is  a  bandwidth  de¬ 
pendence  in  the  original  Allan  variance  be¬ 
cause  the  high  frequency  stop-band  of  the 
equivalent  filter  follows  a  f‘2  envelope  which  is 
sufficient  to  limit  the  bandwidth  of  the  pro¬ 
cess  (ft)  for  o  <  1  On  the  other  hand,  the 
supplementary  CMA  operator  associated  with 
the  asymptotic  modified  Allan  variance  yields 
a  (m<  envelope  which  is  sufficient  to  limit  the 
bandwidth  of  the  process  ((i,t)  for  o  <  3 
Hence,  in  the  range  -2  S  a  S  2  covered  by 
the  polynomial  model,  the  bandwidth  depen¬ 
dence  is  eliminated 

ArxaJyH5.wj.tk.  cemtant-Tq 

In  practice,  the  modified  Allan  variance  is 
measured  by  varying  the  number  n  of  sam¬ 
ples  while  keeping  constant  the  averaging  time 
to- 

The  DMA  operator  is  defined  as 

u'^ft.nxj  h  -  £u  (t-  kT.)  (15) 

n  y,»o 

Using  the  transfer  functions  associated  with 
the  CMA,  FI  and  DMA  operators,  it  can  be 
shown  from  (5)  that  the  spectral  expression 
of  the  modified  Allan  variance  is  as  follows. 


Mod  oy(n,T)  = 
.B 


S^(f) 


sin  (flft) 


(nnfx)2  sin2 


df 


(16) 
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It  can  be  verified  that  expression  (16)  yields 
the  asymptotic  modified  Allan  variance  for 
n*w  and  the  original  Allan  variance  for  n«l. 
A  sharp  cut-off  frequency  B  is  assumed. 

The  modified  Allan  variance  associated  with 
the  different  types  of  noise  processes  may  be 
calculated  by  replacing  the  power  spectral 
density  S*yy(f)  in  (16)  by  each  term  of  the 
polynomial  model  After  a  simple  change  of 
variable  one  obtains 


Mod  o*(h#,nT0) 


I’nntJ 


•-2  ,  . 
u  sin  (u) 

2  2  fu) 

n  s,n  (-) 


du 


(17) 


An  examination  of  this  last  expression  leads  to 
*h?  following  conditions  of  convergence  toward 
the  asymptotic  modified  Allan  variance. 


Integration  Fang*  condition 
The  bandwidth  independence  that  is  sought 
after  can  be  achieved  only  if  the  bandwidth  of 
the  process  4(t,t)  is  limited  by  the  equivalent 
filter  frequency  response  (i  e  the  software 
bandwidth)  and  not  by  the  measuring  system 
frequency  response  fi  e  the  hardware  band¬ 
width)  This  condition  cannot  be  satisfied  un¬ 
less  the  hardware  bandwidth  B  is  much  larger 
than  the  center  frequency  l/(nx)  of  the  main 
lobe  of  the  equivalent  filter  This  determines 
the  following  condition  on  the  integration 
range  in  117)  which  will  be  referred  to  as  the 
integration  range  OR)  condition  ■ 

nBifi  »  1/n  (18) 


Note  that  this  condition  is  necessary  but  not 
sufficient  for  the  convergence  of  the  integral. 

Asvmptotic  Behavior  condition 
On  the  other  hand,  the  integrand  in  (17)  be¬ 
comes  independent  of  n  and  equivalent  to  the 
asymptotic  integrand  in  (12)  on  the  condition 
that 


hBto  «  1.  (19) 

This  last  condition  will  be  referred  to  as  the 
asymptotic  behavior  (AB)  condition. 

The  AB  condition  may  be  interpreted  as  a 
corollary  of  the  sampling  theorem  as  follows. 
The  sampling  rate  fo  of  the  frequency  counter 
is  defined  as  the  inverse  of  the  sampling  pe¬ 
riod 

fo  =  lAo  (20) 


Therefore  the  AB  condition  becomes 

fo  »  nB  (21) 

which  means  that  the  CMA  operator  associ¬ 
ated  wuh  the  asymptotic  Allan  variance  may 
be  approximated  successfully  by  a  DMA  oper¬ 
ator  only  if  the  sampling  rate  fo  is  set  high 
enough  in  respect  to  the  signal  bandwidth  B. 

The  above  discussion  leads  to  the  distinction  of 
two  experimental  cases  that  depend  upon  the 
sampling  rate  as  follows 

The  cmo  of  high  sampling  rat*  fo  »  rtB 
When  fo  »  nB,  the  AB  condition  is  always 
verified  and,  the  IR  condition  is  verified  only 
for  large  values  of  n.  This  implies  that  for 
o*l  and  o*2,  the  Allan  variance  (n*l)  is  far 
below  the  asymptotic  modified  Allan  variance 
because  the  hardware  bandwidth  is  too  smali 
and  limits  the  power  that  gets  through  the 
equivalent  filter  (IR  condition  not  satisfied). 
But,  as  the  parameter  n  is  increased  simulta¬ 
neously  with  t,  the  software  bandwidth  be- 
comes  smaller  and  smaller.  Ultimately,  the  IR 
condition  is  verified  and  the  asymptotic  modi¬ 
fied  Allan  variance  is  reached. 


Figure  2 

Theoretical  calculation  of  the  modified  Allan 
variance  for  a  phase  flicker  (a  -  J). 


Figure  J 

Theoretical  calculation  of  the  modified  Allan 
variance  for  a  white  phase  noise  (a  ■=■  2). 
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This  case  is  illustrated  on  figure  2  and  3  by 
curves  E  and  F  The  parameters  are  given  in 
table  3  below.  The  sampling  period  to  was  se¬ 
lected  in  order  to  match  the  sampling  period 
used  in  the  experimental  verification. 


Curw 

Sampling  rate 

BfffxJ 

A 

high 

1000 

B 

high 

100 

C 

high 

20 

E 

low 

1 

F 

low 

0.1 

Figure  2 

o  ■  1,  hj  ■  1,  TO  ■ 

5.0803X10-2  s 

Figure  3 

o»2,  hs  ■  1,  to  * 

5  0803X10-2  $ 

Curve  D  is  the  asymptotic  mod 

Alian  var. 

Table  S 

Parameters  of  figures  2  and  J. 


The  case  of  low  sampling  rate  *  fo  «  rtB 
When  fo  «  nB,  the  AB  condition  is  never 
satisfied,  therefore  the  properties  of  equation 
(17)  cannot  be  deduced  from  those  of  the 
asymptotic  case  On  the  other  hand,  the  IR 
condition  is  satisfied  for  all  n. 

The  calculation  of  the  integral  in  equation 
(17)  shows  that  for  a«2  it  is  independent  of 
n  Therefore  the  modified  Allan  variance 
obeys  the  law  (13)  for  every  n  since  the  de¬ 
pendence  upon  t  is  determined  by  the  factor 
2h,(nx)"1-*  outside  the  integral  sign.  This 
property  produces  curves  that  are  parallel  to 
and  higher  than  the  asymptotic  Allan  vari¬ 
ance  The  dependence  upon  the  hardware 
bandwidth  is  the  same  than  in  the  case  of  the 
original  Allan  variance,  since  it  is  the  same 
for  every  n  including  n«l.  This  case  is  illus¬ 
trated  on  figure  3  by  the  theoretical  curves 
A,  B  and  C.  Note  that  for  B  -  20  Hz,  the 
quantity  ttBtq*  3.19  is  not  much  higher  than 
unity  and  that  the  corresponding  slope  is  not 
exactly  -3  For  larger  hardware  bandwidths, 
on  the  other  hand,  a  good  parallelism  with 
respect  to  the  asymptotic  curve  is  observed. 

For  a=l,  the  integral  in  (17)  becomes  inde¬ 
pendent  of  n  only  for  large  values  of  n  and 
the  limit  of  the  integral  is  the  same  as  in  the 
asymptotic  case.  Consequently  there  is  a  de¬ 
pendence  of  the  variance  upon  the  hardware 
bandwidth  only  for  small  values  of  n.  The 
asymptotic  curve  is  reached  for  large  values 
of  n.  This  case  is  illustrated  on  figure  2  by 
the  theoretical  curves  A,  B,  and  C. 

Experimental  verification 

The  above  results  were  verified  experimentally 
m  the  case  of  a  band-limited  white  phase 


noise  to«2)  The  frequency  source  was  a  syn- 
*hesi ser,  phase  modulated  by  a  low-pass  fil¬ 
tered  white  noise  generator  The  frequency 
samples  were  obtained  using  a  pair  of  fre¬ 
quency  counters  controlled  by  a  desk-top 
computer  The  dead-time  of  the  individual 
counters  was  eliminated  by  arming  one  coun¬ 
ter  and  stopping  the  other  using  the  same 
transition  of  an  external  clock  Hence,  while 
one  counter  was  counting,  the  other  was 
computing  a  frequency  sample  and  transmit¬ 
ting  it  to  the  desk-top  computer  through  an 
CPIB  ^80  bus  The  sampling  rate  used  was  the 
highest  permitted  by  the  counters  :  fo  *  20 
Hr  (to  »  50.803  ms)  Each  measurement  was 
obtained  using  10000  frequency  samples  and 
each  experimental  point  is  the  mean  value  of 
500  samples  of  the  modified  Allan  variance 
distributed  evenly  among  the  frequency  sam¬ 
ples  The  experimental  measurements  are 
shown  on  figures  4  and  5  and  the  parameters 
of  the  different  curves  arc  given  in  tables  A 
and  5  below 


Figure  4 

Experimental  verification  of  the  modified  Allan 
variance  m  the  case  of  high  sampling  rate  for 
a  white  phase  noise  for  -  2) 


T  [S] 


Figure  5 

Experimental  verification  of  the  modified  Allan 
variance  in  the  case  of  low  sampling  rate  for 
a  white  phase  noise  (a  =  2) 
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Curve 

B  [He] 

Type 

B 

0  1 

experimental 

C 

1 

experimental 

D 

o  i 

theoretical 

E 

l 

theoretical 

For  all  curves  :  a  *  2,  to  B  5  0803X10"* 

Curve  A  js  the  asymptotic  mod  Allan  var 

Table  4 

Parameters  of  figure  t' 

Cl/rse  B  [Hr]  Type 

$  20  theory  +  measurement 

100  theory  +  measurement 

For  all  cur  -.-  •*  :  a  ■  2,  To  ■  5.0803X10"2. 

Curve  A  is  thtv  asymptotic  mod.  Allan  var. 

Table  5 

Parameters  of  figure  5 
.Verification  m  the  rav  d  high  sampling  rate 

The  modified  A.lan  variai.-t  was  measured  for 
B  *  0.1  Hz  (hBto  ■  1.59X10"2)  and  B  ■  1  Hz 
(.hBto  =  0.16)  using  a  4**»  order  low-pass  fil¬ 
ter.  The  results  are  shown  on  figure  4.  Prior 
to  normalization,  the  coefficient  h2  was  eval¬ 
uated  assuming  that  for  the  largest  value  of  n 
the  measured  variance  is  equal  to  the  asymp¬ 
totic  Allan  variance. 

The  experimental  and  theoretical  curves  are 
in  very  good  agreement  for  large  values  of  n 
and  show  that  the  asymptotic  variance  is  ef¬ 
fectively  independent  of  the  system  band¬ 
width  In  the  region  near  the  maxima  of  the 
curves  there  is  a  slight  discrepancy  between 
the  theoretical  and  experimental  curves  that 
comes  from  the  fact  that  the  theoretical 
curves  were  calculated  for  a  rectangular  low- 
pass  filter  while  a  4th  order  low  pass-filter 
was  used  in  the  experimental  set-up.  It  can 
be  observed,  finally,  that  for  small  observa¬ 
tion  times  the  internal  noise  from  the  syn¬ 
thesizer  masks  the  externally  injected  white 
phase  noise.  This  effect  explains  why  the  part 
with  a  positive  slope  can  hardly  be  observed 
on  the  experimental  curves. 

Verification  in  the  case  of  low  sampling  rate 

The  modified  Allan  variance  was  measured  for 
B=20  Hz  'tiBto=3.2)  and  B=100  Hz  (tiBto=16), 
using  a  low-pass  Cauer  filter.  The  results  are 
shown  on  figure  5.  Prior  to  normalization, 
the  parameter  h2  was  evaluated  from  the 
measurement  of  the  original  Allan  variance 
(n=l)  using  the  nominal  bandwidth  of  the 
Cauer  filter. 


The  agreement  between  the  theoretical  and 
experimental  j-cuvs  is  very  Moreover, 

the  experiment.?!  measurement  confirms  the 
lack  of  pcfalklisr,  between  the  modified 
variance  and  the  «s.vmptqt;c  modified  vari¬ 
ance  when  nihj  iV*  vr.uu*  larger  than 
unity  (B-20  Hz) 

in  this  paper  ■*  tli  orctita',  a.».*tlyr4s  J  the 
modified  Allan  variance  i<  presented.  The 
analysis  is  stated  in  tv<e  spsew  A  domain  and 
takes  into  account  the?  band  “imitmc.  effect  of 
the  measuring  system.  Hie  pruicipal  results 
ara 

11  A  chart  of  the  exuu  -.  efficients  that  re¬ 
late  each  term  J  ih  p-iync  nial  model  to 
the  corresponding  a;  /mptotic  modified  Al¬ 
lan  variance 

2j  Both  the  general  and  asymptotic  integral 
expressions  of  the  modified  Allan  variance 
as  a  function  of  the  single-sided  power 
spectral  density  of  the  frequency  fluctua¬ 
tions 

3)  The  definition  and  the  analysis  of  the 
cases  of  low  and  high  sampling  rates  that 
determine  the  two  possible  behaviors  of 
the  modified  Allan  variance  when  it  is 
measured  by  varying  n  while  keeping  to 
constant 

The  main  conclusion  is  that  the  modified  Allan 
variance  can  eliminate  not  only  the  temporal- 
spectral  ambiguity  it  was  designed  to  solve, 
but  also  the  system  bandwidth  dependence  of 
the  original  Allan  variance 
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FREQUENCY  STABILITY  CHARACTERIZATION 
OP  HOPPING  SOURCES 
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Carkton  UnWensUy,  Ottawa,  KlS  5D6,  Canada. 


Akiiui 

The  increasing  demand  for  Spread  Spectrum  (SS)  Sys¬ 
tem*  utilizing  Frequency  Synthesizer*  imposes  a  need  for  de¬ 
velopment  of  faat  Frequency  Hopping  (FH)  Systems  which 
constitute  the  most  important  part  of  FH-SS  or  Hyhrid-SS 
Communication  Systems.  Speed  limitations  of  other  systems 
suggests  the  employment  of  fast-tuning  Voltage  Controlled 
Oscillators  (VCOs)  which  are  digitally  controlled  through  a 
Digital-to- Analog  Converter  (DAC).  Since  these  sources  are 
not  phase-locked  the  output  noise  does  not  obey  the  I'LL 
output  noise  formulation.  Therefore  an  attempt  is  made  here 
to  use  time-domain  frequency  stability  measures  to  charac¬ 
terise  the  noise  of  this  kind  of  free-running  Hopping  Sources. 


I 


K-  r»  -i*-  r,  —I 
I 

l 

j* -  T  -  rTi 


Miodastiaa 

The  main  problem  addressed  In  this  paper  is  the  elu¬ 
cidation  of  a  procedure  leading  to  noise  characterisation  of 
a  class  of  frequency-hopping  oscillators.  Until  now,  various 
variance  measure*  have  been  introduced  and  used,  jl),  |2], 
|3],  (-<],  (5)  to  characterise  the  Short  Term  Frequency  Stability 
(Sl'FS)  of  free-running  oscillators.  An  attempt  is  made  here 
to  apply  the  existing  measure*  to  frequency-hopping  sources. 

As  pointed  out  in  the  literature,  (G],  (7|,  (8)  thermal  ef¬ 
fects,  such  as  change*  in  Junction  temperature  of  the  active 
elements,  power  dissipation  change*  and  instability  of  the 
bias  sources  are  the  primary  factors  contributing  to  short¬ 
term  post  tuning  drift  (PTD).  All  these  changes  are  the  re¬ 
sult  of  tuning  voltage  change  commands  when  the  system 
is  to  be  hopped  from  one  frequency  to  another.  Analog  ami 
digital  noise  coupled  to  the  tuning  voltage  input  of  a  Voltage 
Controlled  Oscillator  (VCO)  can  also  effectively  increase  the 
frequency  instability  of  the  system  (9j.  When  these  effects 
are  taken  into  recount  it  becomes  apparent  that  the  STFS 
of  a  hopping  sys  tem  may  exhibit  behaviour  unlike  that  of  a 
free-running  frequency  source. 

Before  this  section  is  closed  the  formulation  of  the  prob¬ 
lem  is  presented.  Let  the  oscillator  output  signal  be  s(t): 


g(t)  =  Aeos(ut  +  4>[t))  (l) 

and  the  instantaneous  frequency  fluctuations  (IFF)  be  y[t): 


»(*)  = 


1 

dl  '  «*> 


(2) 


A  digital  counter  measures  the  number  of  zero  level  crossing 
points  within  an  interval  r  which  is  called  the  averaging  in¬ 
terval.  A  nominal  frequency  Fr  is  measured  every  T)  sec  for 
r  sec  (Figure  l). 


Fig.  1:  Graphical  Representation  of  Measurement  Pro¬ 
cedure 


Ti  “  time  between  two  successive  measwrment*  of  the 
same  nominal  frequency  />. 

p  m  total  number  of  meazurmenta  needed  to  characterize 
the  statistical  properties  of  y(<). 

Hence  the  short  term  average  ff,(t)  represents  the  quan¬ 
tity  actually  measured  by  the  counter: 

FrW  -  7  /  fM*.  (:») 

l-r 


Considering  y(<)  as  a  signal,  equ.  (3)  can  he  regarded  as  a 
smoothing  operation  on  y(<).  It  can  easily  he  shown  that 
the  following  relationship  exists : 


where: 

/  represents  the  frequency, 

Tfy  is  the  power  spectral  density  (PSD)  of  y[t),  and 
Tyt{() is  the  PSD  of  FrW- 

The  best  way  of  characterizing  the  short-term  frequency 
fluctuations  under  consideration,  is  to  use  the  variance  of 
y(t).  This  is  defined  as: 

/+OQ 

<(j#  7y(/)d/.  (5) 
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Obviously  ihU  Alter  U  not  realisable  and  cqtt.  (5)  Is 
approximated  by: 

.w  wjisuw.  (o 

where  C{ (/)  is  a  filter  gain  term. 


Fig.  3:  System  Implementation 


The  measurement  system  is  Illustrated  In  FI*.  3.  At 
point  [«}  a  digital  tuning  command  is  applied  to  the  Input  of 
the  DAC.  A  particular  digital  word,  d,  will  cause  the  J)AC  to 
issue  a  corresponding  analog  voltage  at  point  (6j.  This  volt¬ 
age  it  applied  to  the  VCO  which  in  turn  issues  a  particular 
frequency  Fr.  This  frequency  is  mixed  with  a  very  stable 
Local  Oscillator  (LO)  to  produce  a  downconverted  replica  of 
the  VCO  output  which  bears  all  the  STFS  information  (ij. 
The  mixing  stage  is  needed  because  the  frequencies  are  not 
directly  counted  within  the  VCO  operating  range  (!  -  1.5 
CIls).  Centering  the  LO  at  1.25  GHx.will  produce  interme¬ 
diate  output  frequencies  (IF)  in  the  0-250  MHx  range  which 
can  be  easily  counted. 

At  point  {e|  the  IF  is  digitised  (by  dipping)  and  counted 
for  a  period  of  r  secs  every  Ij  secs  (see  Figure  1).  The  output 
of  the  digital  counter  is  then  stored. 

Depending  on  the  digital  command  at  point-fa],  this  sys¬ 
tem  may  be  hopping  between  several  (or  even  several  hun¬ 
dred)  frequencies.  Hence  for  a  sequence  of  digital  words 
applied  successively  we  can  have  frequencies 
Fit  respectively  at  the  VCO  output. 

In  our  application  it  was  assumed  that  the  frequency 
noise  of  the  hopping  source  at  a  particular  frequency  is  mainly 
affected  by  the  immediately  preceding  Frequency. 

Equivalent  Filter  Representation. 

The  gain  term  Gj(/)  in  equ.  (C)  depends  on  the  way 
in  which  frequency  measurments  are  taken  and  processed  in 
order  to  approximate  oj  jlj,(4].  Specifically,  the  principal 


reason  for  the  existence  of  the  gain  term  in  the  variance 
estimator  expressions  is  the  finite  number,  f,  of  frequency 
measurments  used  to  characterise  the  variance. 

Hence  the  general  estimate  of  the  variance  is  given  by 
the  following  equation: 

a?(r,p,r»)  -  K?,(/)iSy.w(/W.  (7) 

The  different  ways  of  calculating  the  noise  variance  are  called 
here  "variance  measures"  the  most  important  of  which  are 
described  below; 

The  first  of  these  variance  measure*  was  introduced  by 
Barnes  (3)  and  Allan  (3)  in  1066.  For  each  set  of  p  sample*, 
the  following  quantity  Is  calculated: 

a  }\  - 

* 

;£  ?,(«)  -;£?,(*)  (*) 

where 

y*(«)  •«  vm  m 

The  estimate  of  the  variance  is  given  by: 

8jf(r,r.r,}  a  S(t\)  (10) 

where  K  denotes  the  mathematical  expectation  ojwraior. 
Using  equs.  (8)  and  (IQ)  it  is  shown  [lj  that  the  estimate 
of  the  variance  is  given  by  equ.  (7)  for  I**!.  K?t(/)l5  l*  as 
follows : 


Tbe  second  variance  measure  was  introduced  by  lloileau 
and  Picinbono  |4j  in  1076.  in  this  case  the  variance  is  given 
by  the  following  expression: 


«i(r,P,7i)  a  l\  » 

[?,(*—)  —  £;  ?,{«)  (12) 

where  p  is  an  odd  number.  An  estimate  of  the  variance  Is: 

3?(r,P.r, )*£(/'-).  (13) 

This  is  shown  (4)  to  give  S|(r, y», 7j)  as  in  equ.  (7)  for  i  ‘2. 
In  this  case  |Gj(/)|J  is  given  by  equ.  (M): 


sitipxJTi  \ 
ptimtJTi ) 


j 


(H) 


Hence  the  two  different  variance  measures  (equs.  (8),(12)) 
produce  two  different  filter  gain  expressions  |G,(/)|l.  If  cer¬ 
tain  restrictions  are  imposed  to  the  filter  gain  term,  several 
other  complicated  measures  can  be  derived  (5).  These  re¬ 
strictions  are  meant  to  impose  a  specific  shape  on  |G,(/)|5 
in  an  effort  to  approximate  equ.(5)  in  the  best  possible  way. 
In  other  words  this  filtering  of  j,(n)  can  be  represented  as 
a  suitable  windowing  o'  its  PSD.  Various  windows  give  dif¬ 
ferent  expressions  for  |G;(/)|J.  Hence  different  windowing 
means  different  weighting  of  the  existing  group  of  measure¬ 
ments. 
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Critfrfiow  for  the  Choke  of  a  Suitable  Va- 
riwtt  Kttjwjtor  and  the  Importance  of  f. 

According  to  the  above  discussion  the  wage  of  «qu.(7) 
U  twofold: 

(a)  The  6m  wage  Itut  measure  to  Indicate  the 
behaviour  of  of  a«  a  function  of  various  parameters 
such  a*  r,  p  and  T\. 

The  objective  of  applications  direct!)1  related  to  this  as* 
peel,  Is  not  to  obtain  q,(/)  Itself  but  to  test  a  model  for  9? 
with  a  6nlte  number  of  measurements.  Therefore  no  special 
properties  are  required  for  the  filter  Clear!)1  <?t(/) 
and  <?*(/)  belong  to  this  group  of  fillers  the  main  advantage 
of  which  Is  the  simplicity  of  the  computations  needed  to  ob¬ 
tain  8’(r,p,T|).  Let  us  call  these,  variance  measures  of  the 
firM  h’mL 

(b)  The  second  usage  of  squ.  (?)  Is  as  a  way  to  ac* 
quire  a  reasonably  accurate  expression  of  the  spectral 
density  <?,(/)  of  the  frequency  fiucluations. 

It  Is  here  that  the  restrictions  mentioned  above  arc  Im¬ 
posed  cn  [<?j(/)|>.  In  ibis  way  a  global  function  correspond¬ 
ing  to  tbc  Ideal  variance  o(T  «*  oo)  Is  developed  [$)  despite 
the  fact  that  this  global  function  will  be  a  “finite  time  vari¬ 
ance"  since  T  will  always  be  finite.  For  this  group  of  fixa¬ 
ture*  complicated  calculations  are  needed  to  obtain  of.  Let 
u*  call  this  second  group,  variance  measures  of  the  second 
bind. 

As  pointed  out  here,  for  FH  system  applications,  an  es¬ 
timate  of  the  short-term  noise  only  Is  needed.  This  is  In 
contrast  to  a  precise  expression  for  the  variance  resulting  in 
the  estimation  of  %(/).  Hence  8f  or  9j  are  adequate  for 
this  type  of  characterisation. 

Let  us  now  demonstrate  the  Importance  of  properly  se¬ 
lecting  the  averaging  Interval  r.  It  has  been  shown  else¬ 
where,  |l),[4),  that  as  T  —  oo,  the  measures  3*,t  ■  1,2 
may  diverge.Simulated  result*  in  (4)  Indicate  a  behaviour  as 
illustrated  in  Fig.3. 


Fig.  3:  Behaviour  of  of  As  a  Function  of  p 


The  effect  of  the  value  of  r  can  be  clearly  seen  by  taking 
Into  account  the  following  consideration*: 

(a)  y(t)  can  be  represented  as  follows: 

*(«)  -  *(0 + "to  (»s) 

where  w(t)  represents  a  noise  factor  with  w©  mean  and  au¬ 
tocorrelation  #,(r').  In  of  short  duration  compared 
to  r  (almost  white  noise)  and  Its  area  Is  equal  to  A.  :(t) 
represents  a  signal  containing  all  the  information  about  IFF 
y(t).  An  estimate  of  s(t)  is  the  short  term  average,  as  given 
by  equ.(3).  It  can  be  shown  that: 

£&(*))«  7  }*m  ac) 


From  equ.(l?)  one  can  see  that  to  reduce  the  variance  of  J?„ 
r  must  have  a  relatively  Urge  value.  On  the  other  hand  r 
should  be  small  enough  to  ensure  that  R  (?,(<))  is  close  to 
x(t)  at  any  Instant  L 

(b)  From  cqu.  (4)  it  can  be  seen  that  r  should  be  small 
enough  such  that  short  term  noise,  which  corresponds  to 
the  high  frequency  portion  of  the  PSD,  will  not  be  altered 
(i.e.  filtered  out)  in  any  way.  Hence  for  small  values  of  r 
the  dependancc  of  the  PSD  and  hence  of  8f  on  r  will  be 
removed  and  a  fiat  portion  will  appear  in  S*-vcr*us>p  curves 
as  indicated  in  Fig.  3. 

A  criterion  for  choosing  between  all  the  measures  pre¬ 
sented  above  can  now  be  stated: 

“For  /rcgucncy  koppin§  escillatort  use  <t  87  of  Ik*  first 
kind.  This  measure  should  exhibit  an  approximately  ‘flu t" 
portion  on  Ihc  8,-wrsus-p  curve,  l/xueh  a  flat  region  exists, 
it  can  be  interpreted  as  the  short  term  variance  of  the  koppin g 
system.  If  there  is  no  flat  region,  the  value  of  r  should  be 
decreased  gradually  until  a  flat  part  is  oHaintJ  on  Ike  3s- 
versux-p  curve." 

Experimental  Result* 

Several  data  files  were  acquired  using  the  system  de¬ 
scribed  In  the  Section  3  which  was  set  to  hop  between  two 
frequencies  with  r  equal  to  70  paces.  The  difference  be¬ 
tween  these  two  frequencies  is  conventionally  called  here  the 
frequency  step.  Before  starting  to  record  any  measurement*, 
the  system  was  set  to  hop  for  an  adequate  amount  of  time  in 
order  to  establish  thermal  equilibrium.  Each  of  the  obtained 
data  files  contains  approximately  15,000  data  points.  From 
the  measures  of  the  first  kind,  of  was  used  since  it  is  consid¬ 
ered  to  be  the  most  widely  recognised  variance  measure.  A 
FORTRAN  program  was  used  to  calculate  3?  according  to 
equs.  (8)  and  (10).  Figures  4,  5, 6  illustrate  3f  X  107-versus- 
P  for  frequency  steps  Fri=5  MBs,  FVj=10  Mils,  Fa~20 
Mils.  It  can  be  seen  from  these  figures  that  there  always  ex¬ 
ists  a  “flat’’  region  which  may  constitute  a  measure  for  the 
variance  of  the  hopping  frequency  source.  For  instance  the 
estimated  variance  from  Fig.  4  is  equal  to  0.55  X  10-s.  It 
is  also  worth  noting  that  the  variance  estimates  are  diferent 
for  diferent  frequency  steps.  This  is  expected  since  the  short 
term  PTD  of  the  VCO  depends  on  the  frequency  step. 
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Qatthaigia 

The  classification  of  i  he  existing  variance  estimators  pro* 
dated  *  criterion  which  can  he  used  to  choose  an  estima¬ 
tor  suitable  for  the  characterisation  of  frequency  hopping 
sources.  It  was  experimentally  demonstrated  that  8;  can 
indeed  he  used  to  produce  variance  estimates  of  a  hopping 
VCO  for  suitable  values  of  r.  In  general  it  was  shown  that 
despite  the  fact  that  hopping  sources  exhibit  orders-of  * 
magnitude  larger  amounts  of  short  term  noise  than  stable 
free-running  frequency  sources,  some  of  the  techniques  used 
to  estimate  the  noise  of  stable  sources  are  applicable  to  hop¬ 
ping  VCO  system*  as  well. 
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the  financial  support  of  this  work. 

&EEKEKSSES 

{t)  J.  Itarne*  el  al., “Characterisation  of  Frequency  Stabil¬ 
ity",  IEEE  Trans.  Imtnitn.  Shut,,  vol.  20,  No.  2,  pp. 
105-120,  May  1071. 

[2]  J.  Itarne*,  “Atomic  Timekeeping  and  the  Statistic*  of 
Precision  Signal  Generators',  I EEE  Proceedings,  vol.  51, 
No.  2,  pp.  207-220,  February  1900. 

(3)  I).  Allan,  “Statistics  of  Atomic  Frequency  Standards', 
IEEE  Proceedings,  vol.  54,  No.  2,  pp.  221-230,  February 
1966. 

[4]  B.  Itoileau,  It.  Picinbono,  “Statistical  Study  of  Phase 
Fluctuations  and  Oscillator  Stability',  IEEE  Trans,  in- 
strum.  Afeas.,  vol.  25,  No.  1,  pp.  66-75,  March  1976. 

(5)  B.  Uoileau,  “Improvement*  of  the  Procedure*  Used  to 
Study  the  Fluctuations  of  Oscillators",  IEEE  Trnnt.  In- 
$irum.  Afeas.,  vol.  27,  No.  3,  pp.  210-214,  September 
1978. 

(6j  R.  Busweil,  “VCO’s  in  modern  BCM  Systems',  Aficro wave 
Journal,  vol.  18,  No.  5,  pp.  43-46,  May  1975. 

|7|  li.  Schoniger,  “Evaluating Tuning  Response  of  VCO  Sub¬ 
systems",  Aficrowave  Sytiems  News,  vol.  7,  No.  7,  pp. 
45-54,  July  1977. 

[8]  “What  You  Need  to  Know  About  Microwave  VCO'*", 
Frequency  Sources  Inc.  Application  Note. 

[9]  V.  Msnassewitsch,  “Frequency  Synthesisers,  Theory  and 
Design",  J.  Wiley,  New  York,  1976. 


.125 


41se  Annual  Frequency  Control  Syspeslua  -  1987 

A  -HTTKOO  rO*  ISIJfC  A  TIME  INTERVAL  CSt'NTER  TO  MEASURE  FREQUENCY  STAIILITY 

C.  A.  Crccnhall 

Jet  Propulsion  laboratory,  California  institute  of  Technology 
Pasadena,  California  $1109 


fuamx 

A  <•««*«  re  U1  ilw  interval  counter  van  be  used  to 
mature  the  relative  inability  of  two  signals  tha;  are 
offset  In  frequency  and  mixed  dawn  to  a  beat  mite  of 
about  I  He.  To  avoid  the  dead-time  problem,  the 
counter  Is  set  up  to  read  the  time  interval  between 
eaeh  beat  note  upcresslng  and  the  neat  pulse  of  a 
10  Hi  reference  pulse  train.  The  actual  uperossing 
times  are  recovered  by  a  simple  algorithm  whose 
outputs  ran  be  used  for  computing  residuals  and  Allan 
variance.  A  noise  floor  test  yielded  a  Jf/f  Allan 

deviation  of  1.3  x  l0"*/t  relative  to  the  beat 
frequency. 

Jcai-  Freaueoey^Me  the>q 

In  the  beat-frequency  or  single-mixer  method  of 
frequency  stability  measurement,  the  two  sources  to 
be  compared  have  a  small  frequency  offset,  typically 
In  the  neighborhood  of  1  Ns.  The  tvo  sources  at 
frequency  fg  are  mixed  down  to  a  sinusoidal  beat 

note  at  the  offset  frequency  f^.  This  sine  wave  Is 

passed  through  a  xero-erosslng  detector,  which 
produces  a  square  w«ve  or  pulse  train  at  the  same 
frequency,  as  In  Fig.  1.  The  relative  time  deviation 
or  fractional  frequency  deviation  of  the  two  sources 
1.1  equal  to  f^/fq  times  that  of  the  square  wave 

or,  wore  precisely,  its  stream  of  uperossings,  which 
are  spaced  approximately  l  second  apart.  The 
Improvement  to  be  discussed  below  deals  only  with  the 
measurement  of  these  upcrosslng  times;  the  analog 
front  end  of  the  system  remains  the  same. 
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Fig.  2.  Current  digital  portion  of  test  set 


An_|mpr<ived_Syst cm  -  The  P  lege l_ Fence 

Although  the  IFSTF  system  has  given  good  service, 
it  has  several  disadvantages:  The  counter  resolution 
is  loo  coarse  for  certain  applications  whose  f^/fg 

ratio  is  not  sisal l  enough  to  pul  the  quantitation 
noise  floor  below  the  frequency  instabilities  to  be 
measured.  The  Nirack  incremental  tape  drives  are 
obsolete,  expensive  to  rent,  and  unreliable.  The 
ulfline  tape  processing  and  graph  plotting  is  slow 
and  cumbersome. 

because  the  frequency  stability  testing  program 
is  soon  to  be  moved  to  the  new  Frequency  Standards 
Laboratory,  this  Is  a  good  time  to  develop  a  more 
accurate  and  more  convenient  test  set.  The  laboratory 
already  lias  a  Hewlett  Packard  1000  realtime  computer 
and  several  HP  J33&A  universal  counters,  which  can 
measure  time  Intervals  with  a  1  ns  resolution  and 
interface  with  the  computer  on  a  IEEE-A88  bus.  Die 
problem  has  been  that  these  are  interval  counters 
with  dead  time  between  measurements;  unaided,  such  a 
counter  can  measure  at  most  every  other  period  of  the 
strews  of  beat-note  uperossings.  This  dead-time 
limitation  hag  now  been  overcome  by  the  introduction 
of  one  more  element,  a  10  PPS  (pulses  per  second) 
reference  signal,  called  the  Picket  Fence,  provided 
by  a  reference  signal  and  a  divider. 


Fig.  1.  Analog  portion  of  frequency  stability  test 
set 


Current  Measurement  System 

Fig.  2  shows  the  current  system  used  at  the  JPL 
Interim  Frequency  Standards  Test  Facility  (IFSTF). 
The  square  wave  beet  note  goes  to  a  custom-built 
digital  module  that  latches  the  readings  of  a  free- 
running  1  MHs  30-bit  counter  at  the  uperossings  and 
writes  them  to  a  7-tvack  tape,  which  is  processed 
offline  by  a  mainframe  computer.  In  this  way,  the 
uperossing  times  are  captured  with  a  resolution  of 

1  ps.  Otoshi  and  Franco^  have  been  using  a 
system  similar  to  the  IFSTF's,  but  with  a  10  MHz 
counter,  to  measure  Deop  Space  Station  stability. 


HP5334A 

COUNTER 


REF.  10  MHz 


Fig.  3.  Picket  fence  setup 
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TK«  new  setup  U  show*  Sn  Fig.  3.  The  beat  not* 
square  *****  ■««•  into  Ingut  A  of  the  counter,  the 
picket  (mm  into  Ingut  I.  Th*  same  frequency 
standard  should  drive  both  th*  counter  «n4  th*  divider 
to  koog  th*  picket  f«nc*  coherent  with  th*  counter. 

In  a  multichannel  system,  *ach  beat  not*  ha*  lit  o*n 
counter  and  there  1*  only  on*  picket  fence  signal 
going  into  all  the  I  Ingut*. 


h - p - H 

PERIOD  MEASUREMENT 

To  carry  out  a  teat,  one  first  uses  th*  Period  A 
function  of  the  counter  to  ask*  a  preliminary 
measurement  of  the  period  p  of  the  square  wave.  It 
is  permissible  to  us*  a  long  gate  line  or  the 
100-rtading  average  function  when  doing  this 
Measurement.  Having  measured  (he  noclnal  period,  one 
switches  the  counter  to  Us  Time  Interval  A  to  I 
function,  and  records  all  subsequent  readings.  Each 
reading  is  the  time  interval  between  an  uperossing 
and  the  next  picket  fence  pulse.  As  long  as  the 
periods  are  not  too  short,  the  counter  has  dm*  to 
reset  Itself  between  readings,  and  hence  no  uperossing 
is  missed.  From  these  raw  data,  the  actual  uperossing 
times  are  recovered  in  software  by  an  algorithm  given 
in  detail  below.  Fig.  4  shows  the  time  evolution  of 
the  measurement  process. 

Deta  Processing 

let  d  be  the  picket  fence  period  (100  ms),  p  the 
initial  period  measurement,  and  vQ,  v.,  v,,  ... 

the  sequence  of  time  interval  data.  Let  tg,  tj, 
t,,  ...  be  the  actual  uperossing  limes  relative  to 

«m 

some  lime  origin,  perhaps  on*  of  the  picket  fence 
pulses.  Each  differs  from  the  corresponding 

-vn  by  an  unknown  Integer  multiple  of  d,  and  w« 

would  like  to  resolve  the  ambiguities. 


Fig.  »•  Picket  fence  measurement  process 

The  following  algorithm  incorporates  a  small 
amount  of  error  handling  to  prevent  one  had  Input 
from  spoiling  all  the  subsequent  outputs. 

L'nf aid  1  ngAlgarjlhm 

!  Global  parameters:  p,  d 
Do  for  n  ■  0,  l,  2,  ... 
lead  vn 

Call  Unfold  (n,  v  ,  x  } 
ii  n 

Output  xn 

Enddo 


Ler.  A  denote  the  backward  difference  operator, 

c.g. ,  At  ■  t  -  c  We  make  the  following 
n  n  n-i 

assumptions  about  th*  beat  note: 

Assumptions 

1.  The  first  period  Ati  differs  from  p  by  less 
than  d/2.  Any  two  successive  periods 

At  differ  by  less  than  d/2.  Tills  guarantees 
n 

that  the  100  as  ambiguities  esn  be  resolved  uniquely. 

2.  Each  period  Atn  Is  greater  than  d  »  g,  where 

g  is  the  mexiaua  deed  time  of  the  counter.  This 
guarantees  that  no  uperossing  Is  missed. 

Since  the  tn  increase  quickly  and  may  contain 

important  information  in  their  least  significant 
digits,  they  are  awkward  to  compute,  store,  and  use. 
Accordingly,  the  algorithm  actually  computes  the 
sequence  of  time  residuals  defined  by 

xn  »  t„  -  to  -  np,  n  u  0,1,2,...  .  (1) 

At  the  core  of  the  algorithm  is  the  signed  residue 
1  unction  Smod(x,m),  which  is  defined  to  be  x  minus 
the  closest  integer  multiple  of  »  ta  x.  For  example, 
Smod(3,5)  =  Smod(-7,5)  =  -2.  If  x  is  halfway  between 
two  integer  multiples  of  m,  then  it  doesn't  matter 
whether  Smod(x.fe)  is  defined  to  be  m/2  or  -m/2. 


Subroutine  Unfold  (n,  v,  x) 


!  Inputs: 

n*  v 

!  Output: 

K 

5  local  variables 

• 

du: 

current  Au  ■  -Av 

i 

dx: 

current  Ax 

i 

dua: 

du  anchor 

i 

dxa: 

dx  anchor 

< 

ddx: 

current  dx  -  dxa  or  second  difference 

t 

vl: 

previous  v 

i 

xl: 

previous  x 

l. 

If  n 

■  0  then 

!  initialize 

2  m 

dua  ■  p 

V. 

dxa  ■  0 

A. 

x  ■  0 

s. 

Else 

6. 

du  ■  vl  -  v 

?. 

ddx  >  Smod  (du  -  dua,d) 

8. 

dx  *  dxa  *  ddx 

9. 

x  »  xl  t  dx 

!  Error  handling 

10. 

If  |ddx|  <  d/4  then 

i  Data  OK,  drag  anchor  along 

11. 

dxa  b  dx 

12. 

dua  ■  du 

13. 

End  if 

1  A. 

End  if 

15. 

xl  = 

X 

16. 

Vl  a 

V 

17. 

Return 
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lemur'**,  Ut  u«  (lm  discus*  the  algorithm 
with  the  <rror-eh«ck  line*  10  and  13  removed.  (tine* 
11  and  12  r twain.)  In  the  appendix,  it  is  proved 
that  the  outputs  xfl  art  idtntical  to  tht  number* 

dtflntd  by  Eq.  (1).  Tht  algorithm  accomplice*  thl* 

* 

by  forcing  tht  second  difference  A*xn  to  bt  less 

than  d/2  In  abiolutt  valut  (in  accordance  with 

** 

Assumption  1)  and  also  equivalent  to  -iTv^  module  d. 

Neverthele**,  some  protection  against  bad  data  is 
needed.  Table  1  ahowa  what  can  happen  if  there  (a  one 
error  with  Magnitude  slightly  greater  than  d/4.  Tht 
underlined  value  of  ddx  (n  ■  3)  has  been  converted  by 
&>od  from  -O.S2d  to  O.Agd.  As  a  result,  the  x^ 

start  to  Increase  linearly.  This  can  cause 
computational  problem*  for  a  prograw  that  analyses  the 
x  .  The  error  check  with  threshold  *1/4  anchors  the 

n 

current  data  to  the  last  good  data.  If  ixm  Is  the 

anchor  dxa  at  time  n,  and  the  condition  In  line  10 
Is  satisfied  at  lines  n  and  n*l,  then  is 

within  d/2  of  dX".  In  the  example,  the  anchor 
stays  at  iXj  fat  n  ■  2  and  3.  At  n  ■  A,  it  is 
polled  up  again.  As  a  result,  the  x^  go  baek  to  0 

after  time  2.  Time  will  tell  whether  this  simple 
expedient  is  adequate  In  practice. 

Table  1.  State  of  the  unfolding  algorithm  after 
line  9  (d  ■  1)  with  one  bad  Input  and  no  error 
handling. 


n 

V 

vl 

xl 

dua 

dxa 

du 

ddx 

dx 

X 

0 

0 

line  9 

not  applicable 

0 

l 

0 

0 

0 

10 

0 

0 

0 

0 

0 

2 

-.26 

0 

0 

0 

0 

.26 

.26 

.26 

.26 

3 

0 

-.26 

.26 

.26 

.26 

-.26 

.48 

.74 

1.00 

4 

0 

0 

1.00 

-.26 

.74 

0 

.26 

1.00 

2.00 

5 

0 

0 

2.00 

0 

1.00 

0 

0 

1.00 

3.00 

6 

0 

0 

3.00 

0 

1.00 

0 

0 

1.00 

4.00 

.Volte  Floor  Test 

A  single-channel  hardware  and  software  system 
was  set  up  to  evaluate  the  technique  (Pig.  3).  The 
HP  1000  collects  the  data  In  real  time  anu  stores  the 
outputs  of  the  unfolding  algoriilua  on  disk. 
Simultaneously,  a  user  can  cause  any  portion  of  the 
test  to  be  processed  into  residuals  and  Allan 
deviation. 

To  measure  the  ultimate  noise  floor  of  the 
technique  and  to  test  the  integrity  of  the 
measurement  system,  the  b**at  note  square  wave  was 
simulated  by  the  output  of  a  stable,  iow-rute  pulse 
generator  assembled  from  a  synthesizer,  a  divider, 
and  another  counter.  The  generator's  period,  which 
could  be  programmed  to  the  nearest  nanosecond,  was 
chosen  to  be  0. 938196601  s  =  (10  -  r)d,  where  d  « 

0.1  s,  the  picket  fence  period,  and  r  is  the  Golden 
Ratio,  (/5  -  l)/2.  This  period  guarantees  a  good 


mix  of  counter  readings  v  (Knuth,*  pp.  510-11, 

543).  (f  a  conveniently  available  1  PfS  signal  had 
been  used,  the  counter  would  have  always  been  reading 
the  same  value.  The  same  frequency  source,  a  cesium 
standard,  was  used  for  driving  the  counter,  the  picket 
fence,  and  the  pulse  generator.  Thus,  the  results 
Include  instabilities  and  errors  of  the  pulse 
generator,  picket  fence  divider,  and  counter,  but  not. 
of  the  measurement  time  base  that  drives  these 
components. 

A  test  of  duration  103600  s  was  carried  out. 

The  accumulated  time  residuals,  with  the  mean 
frequency  offset  removed,  remained  within  a  6  ns  band 
over  the  entire  run.  The  Allan  deviation,  shown  in 

Pig,  S,  was  approximately  1.3  x  10*9/t.  for  \  hc'ween 
0.94  *  and  11500  s.  This  shows  that  all  the  equipsjnt 
maintained  lime  coherence  at  the  nanosecond  level  and 
that  the  counter  met  Us  specif Uations. 

To  see  what  this  means  for  an  actual  test  of 
frequency  sources,  recall  that  these  numbers  must  be 
scaled  down  according  to  the  source  and  beat 
frequencies.  For  example,  if  two  l  sources  with 
a  1  H*  offset  were  being  tested,  the  digital  part  of 
the  measurement  system  would  contribute  a  0f/f  Allan 

deviation  of  1.3  x  I0“15/t. 


Pig.  5.  Allan  deviation  noise  floor 


Conclusions 

The  technique  given  here  is  a  method  for 
measuring  the  stability  of  the  square  wave  produced 
by  mixing  two  offset  frequency  sources  and  passing 
the  low-frequency  sine  wave  through  a  zero-crossing 
detector.  In  contrast  to  the  current  IFSTP  system, 
which  uses  custom  digital  hardware  and  has  microsecond 
resolution,  this  technique  uses  cotmerciai  hardware 
of  moderate  cost  (under  $3000  per  counter)  with  a 
IEEE-488  interface,  and  has  nanosecond  resolution. 
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The  author  has  recently  learned  of  the  existence 
of  a  counter  assembly  that  can  latch  the  reading*  of 
a  free -running  counter  with  a  precision  of  1  ns  for 
several  Input  channels.  The  counter  roll*  ever  etary 

i24  ns,  about  lb. 4  ms,  so  that  In  effect  the  counter 
Makes  Us  own  picket  fence  with  that  period,  and  the 
s*»>e  unfolding  algorithm  applies.  A  Multichannel 
frequency  stability  MeasurcMent  systesi  built  around 
this  unli  Might  be  mller  and  less  expensive  than  one 
built  around  several  Interval  counters  in  separate 
chassis. 
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Appendix t_Jroof_of_Corr«ctneis_of  the 
Unfold  Inc. Algorithm  ~  “ 

To  avoid  confusion  let  the  outp.it  of  the 

algorithM  be  denoted  by  X.,  while  x  Is  xtill 
n  n 

defined  by  £q.  (1).  The  error  correction  lines  10 
and  13  are  deleted.  He  shall  prove  by  Induction  that 
Xn  ■  xr  for  all  n.  For  n  »  0,  both  quantities 

are  tero.  For  n  a  l  we  have 
du  ■  -Ovj  r  Otj  (mod  d), 
ddx  ■  $M}d(Ali-p,d)  ■  -  p  (assumption  I) 

•  xi- 

Therefore,  »  x  ■  since  dxe  ■  xl  ■  0.  For  n  >  l 
assume  the  algorithm  Is  correct  up  to  n-l.  Then 

dua  a  -&vn„i  i  k^n-1  i*04  d), 
du  ■  -4vn  =  4t„  (mod  d>, 
ddx  a  SMod(4^tn,d)  a  4Jtn  (atsuMpllon  1) 

■  4lx„. 

dxa  a  Xl  a  X,,.!, 

dx  a  dXn.i  4-  4^x„  a  4x„, 

a  *n-l  *  A*n  *  V 
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Aiiatraet 

Using  three  types  of  differently  designed  LI,  C/A  cede 
GPS  receivers  {STI,  AOA  sfd  DATUM),  work  has  been  dene  at 
the  U.S.  Naval  Observatory  on  Investigating  the  actual 
positioning  and  timing  abilities  of  the  GPS  C/A  cede  receiver. 
Some  of  the  results  obtained  during  the  tltno  period  from 
October  1905  to  November  1986  are  presented  In  this  article. 

A  10  m  RSS  accuracy  In  absolute  position  determination 
has  been  demonstrated  with  high  reliability  using  an  Ll,  C/A 
code  GPS  receiver.  This  Is  the  conclusion  from  data  measured 
continuously  over  5  months  using  four  different  satellite 
configurations. 

Using  a  delta-range  measurement  teeimlque  ami  tracking 
each  satellite  for  77  minutes,  a  7  m  RSS  precision  In  position 
determination  has  been  obtained. 

Common-view  timing  data  between  two  side-by-side  CPS 
receivers  has  been  compared.  The  corresponding  measurement 
noise  and  systematic  error  have  been  analysed  and  are 
discussed. 

Geodetic  relative  positioning  has  been  done  by  making 
observations  In  the  "double  difference  with  time"  Inter¬ 
ferometric  mode.  For  baselines  (up  to  1500  km  In  length),  the 
C/A  code  receivers  are  capable  of  relative  positioning 
accuracy  of  the  order  1  -  2  m  RSS  win,  POOP  of  about  5.0. 


In  «  third  experiment,  the  ADA  reeeivr  was  fixed  as  a 
stationary  reference  (with  the  coordinates  as  shown  In  Table  2) 
and  a  DATUM-9390  Ui*S  C/A  code  receiver  was  transported  to 
different  locations  as  a  portable  one.  They  tracked  U»e  same 
satellites  5W12,  SVll,  SV13  and  5V9  in  sequence  over  the  same 
lime  Interval  of  one  hour  for  each  satellite  and  were  differ¬ 
enced  to  measure  relative  position.  For  the  one  hour  time 
Interval  trucking  end  a  PUOP  of  5.0,  a  relative  position  of  1  -  2 
m  RSS  was  obtained.  Over  the  U5NU  -  NRAU  baseline  of 
about  2*7.0  km,  this  is  about  an  0  ppm  geodetic  survey 
accuracy. 


Psetida.RanQa.Mea5iimmt.nt 
The  PR  model  equation  Is  given  by 
l|  ■  Rj  »  cT0  ♦  Cjon  » 


(l> 


where  !|  is  pseudo-range,  Rj  Is  the  corresponding  true  range, 
cTq  Is  receiver  clock  bias  relative  lu  GW  time,  Ljon  is  U« 
correction  for  Ionospheric  delay  error,  and  Llrap  is  U>e 
correction  for  tropospheric  delay  error.  In  practice,  the 
relativistic  am)  Earth  rotation  corrections  also  should  bo 
counted  In  equation  (!}.  The  corresponding  observation 
equation  Is  given  by 


P/v’w  *  ihj 


Introduction 

Concerning  tlie  absolute  position  accuracy  of  the  Ll,  C/A 
code  GPS  receiver,  some  tests  or  analyses  have  been  made  by 
Parkinson  and  Gilbert  (198)),  Ashjaee  (1985)  and  Grown  and 
Sturrta  (1985). 

An  Ll,  C/A  code  Allen  Osborne,  Associates  (AOA)  TTR5 
GPS  receiver  was  used  at  USNO  to  perform  positioning  tests  on 
a  long-term  basis.  Four  satellite  configurations,  arbitrarily 
culled  classes  95,96,97  and  96,  were  chosen  for  dally  measure¬ 
ment  and  each  satellite  configuration  has  a  different  geo¬ 
metric  dilution  of  precision  (COOP).  Tests  lasted  two  time 
periods,  MJD  *6)55  to  *660)  and  MJD  *6*52  to  *6522.  The 
satellite  configurations  of  classes  96  and  97  changed  n  little, 
while  classes  95  and  98  were  kept  constant  during  these  two 
periods. 

The  Delta-range  (DR)  measurement  teclmlque 
(McCnsklll,  et  a!.,  1976)  was  Implemented,  and  the 
measurement  errors  and  navigation  solution  accuracies  were 
evaluated  for  pseudo-range  (PR)  ami  DR  measurements, 
respectively.  The  dependence  of  solution  accuracy  of  DR  on 
the  accumulated  time  Interval  also  was  analysed.  DR 
measurement  Is  useful  to  exploit  the  positioning  ability  end 
versatility  of  on  Ll,  C/A  code  GPS  receiver. 

Another  C/A  codo  GPS  receiver  STI-5026  Is  mounted  In 
the  some  building  with  the  AOA  receiver,  whore  the  baseline 
between  the  two  ontennos  Is  obout  1*'.7  m.  Adopting  a 
common-view  opproach  with  UTC(USNO,MC)  os  the  common 
reference  clock,  the  primary  error  effects  ore  essontlolly 
canceled  except  for  receiver  delay  Instability  and  multipath 
distortion.  According  to  the  common-view  measurements 
which  were  executed  with  different  satellites,  and  different 
satellite  elevations  at  different  times  of  the  day,  the  common- 
view  measurement  noise  was  found  to  be  2.68  ns  for  nighttime 
end  *.*8  ns  for  daytime.  A  relationship  between  common-view 
systematic  error  and  satellite  elevation  has  been  found. 


wluire  Ax,  Ay,  At  are  the  least  squares  corrections  to  the 
assumed  receiver  coordinates,  ATU  Is  a  least  squares  correc¬ 
tion  to  the  clock  bias,  I(q  Is  observed  pseudo-range,  l(c  Is 
computed  pseudo-range,  and  v  is  the  least  squares  residual. 

Observing  four  satellites  in  sequence,  tlw  Ax,  Ay,  At 
and  ATq  can  be  obtained  from  the  least  squares  solution  of 
four  observation  equations.  In  practice,  before  doing  the  least 
squares  solution  to  tlie  observation  equations,  a  sequential 
least  squares  procedure  was  performed  to  the  measurement 
data  and  llie  fitted  pseudo-ranges  were  obtained.  The  single 
measurement  error  for  C/A  code  is  on  the  order  of  micro¬ 
seconds.  I)y  filling  the  measurement  data  for  more  than  ten 
minutes,  the  error  Is  reduced  to  less  than  )0  ns.  The  solution 
accuracy  of  equation  (2)  depends  strongly  on  the  UUUP.  dosed 
on  the  principle  of  optimum  geometry  distribution,  four 
satellite  configuration  classes  for  measurement  were  clwsen. 
The  highly  accurate  UTC(USNO,MC)  was  used  ns  a  receiver 
clock,  so  the  Inconsistency  of  observation  time  for  each  of  the 
four  satellites  In  one  class  would  not  couse  large  measurement 
errors.  In  order  to  reoch  the  stable  solution  quickly,  a 
successive-substitution  method  was  adopted,  i.c.  the  weighted 
average  value  of  the  post  solutions  within  the  time  period  from 
soverol  days  to  one  week  was  used  to  reset  the  receiver  coor¬ 
dinates.  Depending  upon  the  positioning  measurements  from 
MJD  *6)55  to  MJD  *6522,  the  mean  values,  number  of  data 
points  (N),  the  standard  deviation  of  residuals  (RE5I),  the 
standard  deviation  of  the  mean  (RMS),  end  position  dilution  of 
precision  (PDUP)  were  calculated.  (See  Table  l.) 

Figures  1,  2  end  3  ore  the  plots  of  three  components  of 
antenna  coordinate  determination  vs  MJD  for  classes  95,96,97 
and  98,  respectively.  The  contribution  of  major  GPS  error 
sources  to  PR  measurement  errors  for  on  Ll,  C/A  code 
receiver  can  be  estimated.  The  receiver  noise  can  be  modeled 
os  white  noise  and  causes  about  0.23  in  error  after  fitting. 
Including  Ionospheric  end  tropospheric  delays,  the  atmospheric 
deloy  could  cause  errors  from  1.5  m  during  solar  activity 
minimum  to  9  m  during  solar  activity  maximum.  The  satellite 
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epfwnwrU  error  and  satellite  clock  error  cause  about  6  ro 
error.  Thus,  the  total  PR  measurement  error  could  be  6.)  in  to 
10.9  m.  For  a  satellite  configuration  with  a  good  POOP  of  2.7 
(like  classes  99  and  98),  the  point  positioning  accuracy  can  be 
estimated  as  16.9  m  RSS  to  29.)  m  RSS  depending  on  solar 
activity.  According  to  the  practical  results  of  Die  four  classes 
In  Table  1,  tlw  joint  and  weighted  average  of  point  position 
accuracy  Is  about  10  m  RSS,  which  It  better  than  the  estimated 
value  and  could  be  explained  that  tlw  observation  period  was 
around  tolar  activity  minimum  and  mast  of  tlw  measurements 
were  made  during  nighttime.  It  also  atwuld  be  noted  that  tlw 
positioning  result  it  based  on  about  9  month:  measurement 
data.  Figures  1,  2  and  )  stww  good  long  term  stability. 

The  antenna  coordinate  results  of  tlw  four  classes  were 
averaged,  using  weights  according  to  ttwlr  errors,  and 
compared  with  tlw  resells  of  Transit  Satellite  Doppler 
oosltlonlnu.  (See  Table  2.) 

Table  2.  Position  Results  of  GPS  and  Transit 
(fn  raters) 


Coordinate 

component 

X 

y 

2 

GPS 

1112154.48 

•4842858.92 

3985488.18 

Tranjft 

1112153.33 

•48*2855.81 

3985482.74 

difference 

1.15 

-3.11 

5.44 

GPS  point  positioning  demonstrated  6.4  m  RSS  accuracy 
relative  to  tlw  Transit  point  positioning.  It  Is  equivalent  to 
compotwnt  deviations  of  about  2  m  In  latitude,  0.6  it)  In 
longitude,  and  6  in  In  height. 

Positioning  accuracy  strongly  relies  on  POOP.  It  Is 
Important  to  clwose  four  satellites  with  a  good  geometrical 
distribution.  Class  99  and  class  90  have  tlw  some  POOP,  but 
tlw  position  result  of  cluss  99  Is  better  than  that  of  class  98. 
This  is  because  positioning  accuracy  also  relies  on  tlw 
measurement  error  of  each  satellite  during  one  class.  It  Is 
thought  that  tlw  large  measurement  error  for  class  90  comes 
mainly  from  the  greater  time  interval  for  completing  measure¬ 
ments  of  all  four  satellites.  This  time  Interval  is  about  9  hour* 
for  class  90  and  3  l\ours  for  class  99.  With  respect  to  tlw 
cesium  clock,  tlw  estimation  of  contribution  to  tlw  total 
measurement  error  due  to  receiver  clock  fluctuation  during 
this  time  Intorval  could  ba  0.94  m  for  class  90  end  0.31  in  for 
class  99,  respectively.  The  reason  for  the  obvious  systematic 
drift  of  tlw  longitude  component  for  class  90  In  Fig.  2  Is  not 
clear. 

Deltn-Rannes  Measurement 

C/A  code  GPS  receivers  ulso  can  measure  Della-Rongcs 
(DR),  the  dlfforenco  In  coda  phase  over  a  fixed  time  Interval. 
Compared  to  carrier  phoso  measurement,  code  phase  measure¬ 
ment  has  n  greater  measurement  noise  but  no  ambiguity.  Tlw 
coda  phoso  inode  equation  Is  given  by 

♦+**(**) 


Tlw  DR  mode  equation  which  corresponds  to  equation  (4) 
Is  given  by 

'^f(^  **  tJ-CTil**.) 


wlwre  Tl«(f  A*fi)/f,  Is  the  receiver  clock  rate  relative  to  tlw 
GPS  clock.  Tlw  DR  observation  equation  (6)  Is  simitar  to  tlw 
PR  equation  (2),  but  with  clock  rate  bias  Tl  Instead  of  clock 
bias  TO. 

^Jtt  +  “P<)+  v  (6) 


whore  f>  Is  Delta-Range  (*Aj(t)*  Pg  Is  the  observed  value, 
amt  pc  Is  tlw  computed  value.  Trucking  four  satellites  in 
sequence,  the  accumulated  DR  (ADR)  measurements  with  time 
Intervals  of  19  min,  37  min  ami  77  mb  were  made,  respec¬ 
tively.  The  navigation  messages  for  each  of  tlw  four  satellites 
need  to  bo  recorded.  Duo  to  tlw  fact  that  there  are  only  7  GPS 
satellites  In  orbit  at  present,  and  good  satellite  dtslribetlon 
needs  to  be  retained,  It  was  difficult  to  Increose  tlw  tracking 
time  for  each  satellite. 

Tlw  computer  program  for  DR  measurement  Is  made  up 
of  3  routines:  data  file  preparation,  ADR  calculation,  and  tlw 
navigation  solution.  Figure  4  Illustrates  a  sample  of  the  fitted 
residual  curve  for  77  min  tracking  of  class  98  (SV12,8,3,6)  at 
MID  469)8.  For  slwrl-tenn  frequency  stability,  a  rubidium 
clock  Is  better  than  a  cesium  clock.  Thus,  SV12  and  SV)  have  a 
larger  residual  RMS  than  SV6  and  5V0.  Also,  since  tlw  observ¬ 
ing  time  for  SV12  was  during  the  day,  there  was  greater 
lonosptwrlc  delay  error.  gure  9  slwws  tlw  calculated  DR 
value  which  Is  accumulated  along  with  measurement  time.  Tlw 
shops  and  trend  of  tlw  ADR  curve  depends  on  tlw  satellite 
clock  frequency  bias  relative  to  tlw  receiver  clock  as  welt  as 
tlw  direction  and  velocity  of  tlw  satellite  path  through  tlw  sky 
during  tracking.  For  comparison,  class  98  measurements  were 
performed  from  MJD  469)7  to  MJD  46941,  with  each  satellite 
being  tracked  for  77  minutes.  Tlw  position  solutions  of  PR  oml 
ADRs  were  computed  with  accumulated  times  of  19  min,  37 
rnln,  and  77  inln,  respectively.  Tlw  receiver  coordinates 
adopted  wore  the  point  position  results  of  9  months 
measurement  described  In  n  previous  section. 

Table  3.  Compirlson  of  Position  Results  between  ADR  end  PR 
(unit:  otter) 


ADR{ 15  min)  AOR (37  min)  ADR{77  min)  PR 

dx  ay  dr  dx  dy  di  dx  dy  dr  dx  dy  dr 


mem  -13.0  1.4  -$.5  -30.6  2.4  -3.2  0.1  -2.7  -3.3  11.8  -3.2  -5.1 

RMS  57.4  9.7  11.4  19.1  2.7  2.8  5.8  3.5  1.6  7.2  6.8  6.0 

RSS  59.3  19.5  6.6  11.6 

OOP  33.2  5.1  7.9  14.0  2.3  2.9  7.5  1.7  1.2  1.8  1.6  1.9 

POOP  34.5  14.5  7.8  3.0 


■^trvf  ("tic)  The  threo-dimonsionol  position  accuracy  of  ADR(77  inln) 

(3)  was  obout  6.6  in  RSS  and  the  systematic  deviations  of  each 
antenna  coordinate  component  were  all  less  than  4  m  with 
where  A  refers  to  the  receiver,  J  refers  to  the  satellite,  R^j  Is  respect  to  the  reference  value.  It  Is  far  better  than  that  of 

the  distance  between  receiver  and  satellite,  and  fi  is  the  clock  ADR(15  min),  ADR(37  inln)  and  PR. 

frequency  of  a  satellite.  Code  phase  readings  can  be  differ¬ 
enced  and  then  used  as  observables.  If  the  readings  ore  differ-  It  con  be  seen  from  equation  (5)  that  each  part  of  the 

enced  with  respect  to  time,  a  Doppler  count  is  obtained  by  the  ADR  measurement  errors  shows  the  form  of  difference  corres- 

equatlon  ,  x  ponding  to  the  accumulated  time  interval.  Due  to  the  fact 

<7»  .(T»,T)  =  xj>  .< — ffc-(T)-fe.(C)l  that  some  error  sources  can  bo  modeled  os  a  function  of  time, 

^3  "j  '  c'-'Xj  '  the  values  of  the  errors  on  their  differences  with  respect  to 

1)-)  ^  W  time  would  be  much  smaller  than  the  original  values.  It  can  be 

3  ' 
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shown  that  live  ADR  measurement  error  increases  but  the 
POOP  decreases  as  the  accumulated  lime  Interval  Increases. 
Therefore,  one  sltould  choose  a  suitable  time  Interval  for 
obtaining  the  optimum  position  accuracy.  The  main  error 
sources  and  the  adopted  models  (or  ADR  iPeasurement.  are  as 
follows: 


Receiver  Noise  * 
Ouintiistion  Noise 
Ionospheric  Error 

Tropospheric  Error 
Sat.  Eph*«*rts  Error 
Set.  Clock  Error 


0.23  *  after  fit 

CPS  correction  model (TI*2hr,&rror< 
Sns  during  sol»r  activity  saslauc) 
0.8(l-t"*'  { t  *1  hr) 

0.184  Tsa 

3  •TTss*  (atonic  clocks) 


<Wt>-  Vx>- 

Hf.fAXr-Z)++*! 

which  can  be  transformed  to  the  lime  difference  equation 


Oased  on  tlwse  models,  Ute  estimated  total  measurement 
error  (Em),  POOP,  and  R5S  position  accuracy  (Ae),  for  differ¬ 
ent  accumulated  time  Intervals  (Tl)«  are  listed  In  Table  A  end 
are  compared  to  the  practical  measurement  results  of  (Mint 
position  accuracy  (Am). 

Tael*  4.  CstlMl'nn  of  Point  Positioning  accuracy 
>w  OR  Htatursnsnt 


Tl 

tolar 

activity 

1$  win 
Ms,  min. 

37  Min 

Ms.  *(n. 

77  Min 
MSS.  Min. 

120  Min 

M*S,  Min. 

£>(•) 

1.54  0.(1 

1.(2  0.71 

1.44  1.11 

2.14 

1.(1 

POOP 

34.54  34.54 

14.51  14.51 

7.10  7.10 

5.92 

5.92 

A*  (■) 

53.2  21.0 

23.5  U.4 

14.4  9.2 

12.7 

9.5 

A*t») 

59.3 

19.5 

(.( 

♦34.3 

VI.  1 

Due  mainly  to  Hie  adopted  polynomial  approximation 
method  of  ADR  calculation,  the  difference  Am*Ae  changes 
along  with  tlte  Increase  of  Tl.  For  example,  taking  measure¬ 
ment  data  of  SV12  on  MJD  46538,  tlte  measurement  noise  <T 
and  AOR  measureutont  precision  «'/f?T  are  computed  for 
different  Tl.  Furthermore,  taking  class  98  and  assuming  Ute 
four  satellites  have  Ute  saute  AOR  measurement  precision  as 
SV12,  Ute  corresponding  contributions  Er  to  Ute  three- 
dimensional  position  error  were  computed.  (See  Table  5.) 

Tsble  5.  Contribution  of  ADR  Error  to  Position  Error 


“Tl - 

ins) 

*■/  (iT  (ns ) 

Er  (m) 

15  sec 

2b 

... 

10  min 

14.5 

2.3 

--- 

15  min 

15 

1.9 

<26.7 

37  min 

16 

1.3 

<  7.7 

77  min 

18.1 

1.0 

<  3.2 

After  the  first  fit  of  15  seconds,  the  measurement  noise 
of  tho  C/A  code  could  bo  reduced  to  below  25  ns  during  solar 
minimum.  After  Ute  second  fit,  cr  Increases  and  «■/  fiT 
decreases  along  with  the  Increase  of  Tl,  but  not  obviously. 
After  solving  the  observation  equation  (6),  Uto  elements  of  Ute 
lino  of  sight  (LOS)  matrix  also  Increase  along  with  the  Increoso 
of  Tl.  Thus,  the  position  error  Er  decreases  and  the  measure¬ 
ment  values  got  better  than  tho  estimated  values. 

Tlmlno  In  Common-View 

The  code  phase  reading  $  ^(t^)  In  equation  (3)  can  also  bo 
differenced  with  respect  to  twi  receivers  at  locations  A  and  B 
at  a  common  local  epoch  C ,  thereby  obtaining  an  interfero¬ 
metric  single  difference  phase  reading.  The  model  equation  13 
given  by 


(JJ) 


where  fQ-fa  I*  the  frequency  offset  between  U»e  two  receiver* 
at  A  and  U,  tQ  Is  Ute  Initial  time,  f  Is  Ute  observation  time, 
and  fj  Is  Ute  satellite  clock  frequency.  Equation  (7)  Is  tlte 
interferometric  mode  of  relative  positioning  and  equation  (8)  Is 
Ute  so-called  common-view  mode  of  lime  transfer.  Two  CPS 
receiver*  with  different  design,  AOA  ami  5TI,  were  placed  In 
tlte  saute  building  with  a  common  lime  and  frequency  refer¬ 
ence  UTC(U$NO,MC),  and  tlielr  antenna  were  asperated  by 
about  10.7  meters;  equation  (8)  becomes 


—  Z  C  (9) 

From  MJD  46557  to  MJD  46576,  34  common-view  paths 
fot  each  day  were  made.  Tlte  results  are  given  In  Table  6.  A 
refers  to  AOA  receiver,  B  refers  to  STI  receiver,  t  Is  local 
observation  time,  and  EL  is  satellite  elevation. 


Tsble  6.  Coasaon-Ylew  Results  from  MOO  46557  to  46576 


SVj 

tversge  (hr) 

EL(d«g) 

tM.(ns) 

RHS^(ns) 

N 

3 

19.95 

71 

45.38 

3.67 

16 

6 

20.70 

33 

39.33 

2.76 

18 

8 

20.97 

80 

45.94 

2.16 

18 

11 

21.67 

47 

39.13 

1.88 

IS 

8 

21.93 

60 

46.61 

2.91 

>8 

9 

22.47 

34 

39.33 

3.31 

IB 

6 

22.73 

64 

43.39 

2.30 

18 

11 

23.40 

61 

46.87 

2.53 

15 

9 

23.67 

49 

42.89 

2.63 

18 

13 

0.73 

40 

42.56 

3.45 

18 

13 

1.83 

58 

39.78 

2.86 

18 

6 

7.63 

24 

41.35 

5.53 

17 

9 

9.07 

37 

39.53 

4.21 

17 

12 

10.33 

58 

46.00 

4.49 

16 

RMS:,  Uto  standard  deviation  of  the  dally  measurement 
tpm(  t  ),  con  be  considered  us  Ute  measurement  noise 
estimation  for  ench  of  tho  common-view  paths.  It  varied  from 
1.9  ns  to  5.5  ns  level.  Figure  6  Is  Ute  plot  of  the  common-view 
measurement  noise  vs  local  observotlon  tlino.  Apart  from  tlte 
contributions  of  receiver  delay  instability  end  multipath 
distortion  Instability,  It  con  be  cleorly  seen  Uiat  there  exists 
Ute  non-cartceiling  effect  of  tlte  atmospheric  delay  error.  The 
average  of  common-view  measurement  noise  wa3  about  2.68  ns 
for  nighttime  ond  4.48  ns  for  doytime  during  the  period  MJD 
46557  to  46576.  The  corresponding  fractional  frequency 
stability  limitation  due  to  common-view  measurement  noise 
for  oyr  side-by-side  comparison  was  about  3.1  xlO*1  to  5.2 
xlO*^  per  day,  respectively. 
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It  should  b«  irantiixwd  that  there  exist*  about  a  42.65  ns 
systematic  error,  the  mean  value  of  Um(t)  measurements  for 
each  of  the  common-view  paths.  Common-view  systematic 
errors  could  be  caused  by  Incorrect  determination  of  receiver 
system  bias,  the  error  of  the  adopted  receiver  coordinates,  and 
systematic  errors  of  the  satellite  ephemerls.  In  general,  one 
can  aay  that  lire  Incorrect  receiver  system  bias  sltoold  cause 
the  same  tlie  of  systematic  error  for  each  of  the  common- 
view  paths,  while  errors  of  receiver  coordinates  and  satellite 
ephemerls  could  cause  a  different  systematic  error  for  each  of 
lire  eommon-vlew  paths  depending  on  tire  geometry  between 
satellite  and  receivers.  In  our  experiment,  tire  t^mf  t ) 
measurements  only  have  a  standard  deviation  of  3.1  ns.  Hence, 
this  large  systematic  error  of  42.65  ns  is  thought  to  come  from 
tire  offset  of  system  bias  determination  between  tire  two 
receivers. 

After  subtracting  42.65  ns  from  each  measurement  of 
lire  eommon-vlew  path),  the  obvious  relationship  between  lire 
remaining  systematic  error  and  satellite  elevation  was  found. 
Applying  a  linear  fit  to  tire  data  points  in  Figure  6,  lire 
intercept  (0  deg)  -7.12  ns,  Ure  slope  0.14  ns/deg,  tire  standard 
deviation  of  residual  1.64  ns,  and  correlation  coefficient  0.766 
were  computed.  One  also  can  see  that  lire  total  systematic 
error  It  within  10  ns  as  satellite  elevation  varies  from  24  deg 
to  80  deg,  which  could  be  mainly  from  tire  systematic  errors  of 
tire  adopted  coordinates  between  Ure  two  receivers.  In  our 
case,  lire  adopted  values  are  Ure  average  results  of  four  classes 
of  OPS  positioning  for  tire  AOA  receiver  and  Ore  results  of 
Transit  Satellite  Doppler  positioning  for  Ore  STI  receiver. 
From  Table  2  it  is  seen  that  systematic  errors  obviously  exist 
between  OPS  positioning  anti  Transit  Doppler  positioning, 
especially  in  lire  height  component.  A  large  deviation  In  tire 
height  cotnpotrent  also  Is  Ore  reason  that  Ore  common-view 
systematic  errors  relate  to  satellite  elevation.  Thus,  If  one 
requires  10  ns  or  better  timing  accuracy,  It  is  Important  to 
determine  Ore  receiver  coordinates  accural!/  In  Ore  same 
positioning  system  for  all  stations.  If  Ore  systematic  error* 
depending  on  satellite  elevation  were  corrected  furtlrer, 
common-view  accuracy  could  approach  1.8  ns  In  our 
comparison. 

Relative  Positioning 

Geodetic  relative  positioning  using  GPS  C/A  code 
receivers  has  been  tested  by  making  observations  In  Ore 
"double  difference  wlUt  time"  Interferometric  mode,  l.e.,  one 
kind  of  differential  operations.  Tire  "double  difference  with 
time"  code  phase  observable  can  be  obtained  by  differencing 
tire  single  phase  difference  with  respect  to  time,  or  Ore 
Doppler  count  with  respect  to  two  receivers  at  locations  A  aixl 
O  over  a  common  lime  Interval.  Tire  mode  equation  Is  given  by 


^a*,' 1 T. ,u)  -  tTs-t, ) + *£(  < T„  1, ) 

tj't  tyT‘,+ 

=  <tu>  tT0  “  %43  <■*<) 


=  +6,-u,T»)-f,v(r,»T,) 

where, 


The  observation  equation  corresponding  to  equation  (11) 
Is  given  by 


^  4  4  iTtAh 


-Cf.-fe)  +  VT 


Dy  holding  the  coordinates  of  receiver  A  fixed  ami 
sotting  tire  corresponding  unknowns  to  xero,  Ure  remaining 
unknowns  In  equation  (12)  are  reduced  to  four  and  a  navigation 
solution  can  be  done  by  tracking  four  satellites. 

In  "double  difference  with  time"  mode,  most  of  Ure  error 
sources  will  be  essentially  canceled.  For  a  local  area,  relative 
positioning  measurement  errors  will  be  tire  receiver  noise  and 
quantisation  noise  only,  which  can  be  estimated  tn  approxi¬ 
mately  0.32  m.  With  a  PDGP  of  5.75,  the  estimate  of  RS5 
relative  positioning  accuracy  is  about  1.8  nr. 

Due  to  Ure  fact  that  there  exists  systematic  error 
between  two  receivers,  and  also  asymmetry  of  Ure  signal  path 
from  Ure  satellite  to  each  of  tire  two  receivers  In  Inter¬ 
ferometric  (common-view)  mode,  it  is  necessary  to  determine 
the  systematic  error  for  each  of  Ure  common-view  paths.  For 
calibration  tire  DATUM  receiver  was  placed  side-by-side  wlUt 
tire  AOA  receiver.  There  was  a  common  lime  and  frequency 
reference,  Ure  antenna  coordinates  were  well  known,  and  tire 
baseline  ieiVith  between  lire  two  antennas  was  about  5.9 
ureters. 

In  this  calibration  mode,  user  clock  error  and  user 
position  error  will  be  canceled  further.  It  Is  useful  to 
determine  separately  Ure  remaining  systematic  error  for  each 
common-view  path  which  Includes  Ure  systematic  error 
between  tire  two  receiver  systems  and  tire  systematic  error 
between  Ure  different  common-view  paths.  Due  to  the  non- 
cancellation  of  satellite  ephemerls  error  und  atmospheric  error 
in  tire  case  of  large  baseline  common-view,  tire  systematic 
errors  of  Ure  "double  difference  with  lime"  observable,  which 
were  determined  at  tire  side-by-side  location,  might  change 
while  tire  portable  receiver  Is  moved  to  a  remote  site. 

Tire  effects  of  this  kind  of  iron-cancellation  are  discussed 
as  follows: 

1.  Atmospheric  error 

Tire  tropospheric  error  only  becomes  significant  If  tire 
satellite  elevation  angles  are  very  low.  In  our  common-view 
paths,  Ure  satellite  elevation  anglos  nra:  SV12=28.5  deg, 
SV09=36.5  deg,  SV13=67.5  deg,  and  SV1 1=28.0  deg.  It  can  bo 
assumed  that  no  significant  error  Is  Introduced  from  tropo¬ 
spheric  delay. 

If  we  clreose  o  separation  between  sites  of  less  than 
about  1500  km  In  baseline  and  site  latitudes  obove  50  deg,  the 
Ionospheric  error  In  "double  difference  with  time"  obsorvnble 
will  reduce  to  about  1-2  ns. 


<T».J  +  UD  2.  Satellite  ephemerls  error 

The  relation  between  "double  difference  with  time" 
observable  and  satellite  position  error  is  shown  In  Figure  8. 
The  user  and  satellite  position  vectors  ore  R  anti's,  respec¬ 
tively.  The  user  positions  at  A  and  B  are  well  known  and  the 
range  errors  due  to  satellite  position  error  are  2jpA  and  .if  B, 
respectively.  We  have 
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f.  IS  - 

rs’-rti 

r'-f 

The  single  difference  observable  1> 

ew-ri- 

where  (4  p*  -  1:  determined  during  calibration.  Fore 

remote  Kite  Ul,  the  equation  1* 

(V(V  <P*-p4 >♦<*?*-*&> 


It  can  bo  aeon  that  tlra  change  of  systematic  error  la 
For  tlie  "double  dlffcrotrae  with  time"  observnbloi 
the  change  of  systematic  error  Is 

The  value  of  tlra  change  can  bo  estimated  In  our 
measurement  for  given  satellite  position  eriors  and  relies  on 
the  change  of  geometry  between  satellite  and  receiver.  Taking 
5V09  for  example,  Figure  9  straws  typical  curves  of  systematic 
error  changes  (In  meters)  vs  the  log  of  baseline  leixjth  (In 
kilometers)  for  different  satellite  position  RSS  error  s.e>.  It 
might  be  different  for  different  remote  site  locations.  We  can 
see  from  lira  curves  that  lira  changes  of  systematic  error  are 
for  below  1  m  In  most  cases  and  for  baselines  less  than  1500 
km  am)  10.4  m  of  satellite  position  RSS  error,  lira  systematic 
error  change  will  he  less  than  0.3  m. 

The  AOA,  DATUM(l)  and  DATUM(2)  receivers  ure 
denoted  RA,  HO  and  RQ',  respectively.  The  systematic  errors 
of  lira  "double  difference  with  time"  observable  p*^(  t,  ,  t*  ) 
were  determined  between  different  receiver  pairs  and  their 
possible  change  quantities  were  also  calculated.  (Sou  Table  7.) 

Table  7.  SysttMtlc  error  of  obitrvsble  /»*..(C*t,J 
(unit:  «t*r) 

ncctiver  Istellne  Hjfl  coewon-vK*  pstn  j 

pair  length  SV12  iVU  SV13  SY09 

~WVt  A-£5.9»i  "46550  to'  -1.8134  *0.8889-0.7234  TOTJIT 
46657  (*1. 0556)  (*0.6636)  (*0.47  S3)  (*0.BC90) 

RA-RB'  A-B*S.9n  46742  to  -1.931B  *0.5876  *0.1464  *2.4541 
46746  (*1.3100)(a0.9539)  (si.  2467)  (si.  1 113) 

tKsnge  of  a-6i«  sat, error  *025  *0.016  -0.681  -0.0)3 

sys. error  247818m  10.4m  RSS 


Table  7  shows  t'mt  the  systematic  errors  of  fo.  ( C,  ,  C* ) 
differ  from  tlra  dltferent  common-view  paths  anu  receiver 
pairs  In  this  calibration  modn.  After  correcting  the  systematic 
errors,  tlra  determined  baseline  lengths  aro  compared  with  tlra 
actual  baseline  lengths  and  the  Initial  basellna  lengths  which 
are  caculatcd  from  the  adopted  nntonnu  coordinates  of  two 
receivers.  (See  Table  8.)  Even  though  there  exists  largo  errors 
In  lira  adopted  antenna  coordinates  of  tho  portable  receiver, 
this  method  still  can  determine  basoline  length  with  mean 
value  f>. 65  m  (1.52  m  r.rn.s.)  in  comporlson  with  tlra  actual 
length  5.9  m. 


Tabic  8.  Calibration  of  baseline  length  estimates 
(actual  baseline  length  •  5.9  m) 


Initial  error  of 
HJO  antenna  coordinates 
UT  LON  HE  l 

(arc  sec)  (arc  sec)  (m) 


Initial  Oetemined 
baseline  baseline  POOP 
length(m)  length(m) 


46650  -0.150 

-0.102 

-09.73 

10.44 

6.09 

5.75 

46651  -0.006 

•0.492 

-12.63 

17.70 

6.51 

5.75 

46652  -0.006 

•0.492 

-12.63 

17.70 

7.34 

5.75 

46655  -0.234 

-0.252 

-08.73 

10.5? 

5.40 

5.75 

46656  -0.012 

•0.462 

-25.63 

28.46 

9.33 

5.75 

46657  -0.228 

•0.192 

-04.53 

6.24 

5.22 

5.75 

«<4n 

6.65 

r.  bus. 

1.52 

Results  of  ijeodetic  relative  positioning  made  from 
different  baselines  and  receiver  pairs  are  shown  In  Table  9. 


Table  9.  CPS  baseline  estimate 

Receiver  Newer  of 

from  to  pair  Length  r.m.s.  observing  POOP 

sessions 

8icc;8iu5n0)  'MjeufuMf urar isos* — i .^75  5-5.75 - 

BLOG78(USNO)  BL0C16(USN0)  RA-RI  166.30n  l.23«  4  5.76 

BL0G78(USN0)  ICS*  (NRAO)  RA-RB  2478IB.95m  2.07«5  5.90 

*  itBf  7nl«rf»roK«tsr  Control  Building  of  the  national  Radio 
Astronomy  Observatory  (NRAO),  Green  Bank,  W 


Conclusions: 

1.  After  calibration  of  tlra  systematic  error,  different 
receiver  pairs  RA-RE3'  and  RA-RU  have  a  credible  result  of 
relative  positioning,  with  tlra  baseline  length  estimates  within 
tlra  error  rangos  of  each  otlrar. 

2.  It  is  expected  ami  has  been  discussed  above  that  tlra  longer 
busellno  length  has  a  greater  error.  In  addition,  tlra  increase  of 
POOP  from  5.76  to  5.90  also  Is  a  fuctor.  It  can  be  overcome 
by  a  small  adjustment  of  the  satellite  tracking  schedule  once  a 
month. 

3.  Along  with  tlra  Increase  of  lira  number  of  operational  GPS 
satellites,  the  satellite  configuration  could  be  improved  and 
POOP  could  dccrooso  further.  It  would  be  possible  to  deter¬ 
mine  relative  positions  to  decimeters  with  POOP  of  2. 

6.  In  tlra  differential  mode  of  operation  of  a  C/A  coda 
receiver,  0  major  error  source  Is  tlra  measurement  noise  of  tlra 
cade  phase.  If  tlra  carrier  phase  could  be  measured  for  a  C/A 
code  receiver,  the  relative  positioning  accuracy  would  be 
greatly  increased. 
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I able  1 


Point  Position  Results  of  Pseudo-Range  Measurement 


•  * 


CUSS 

UTI1U0E 

lONGIIUOc 

HEIGHT 

(Arcseccnds) 

•  •  « 

(Arcseconds) 

(METRES) 

HJD1 

MJ02 

MJ03 

MJD1 

HJD2 

MJD3 

K  J0 1 

MJ02 

M.J03 

95 

WAR 

13.7692 

13.7257 

13.7598 

01.0435 

00.9128 

00.9920 

58.8836 

53.0270 

56.7260 

N 

62 

25 

89 

60 

30 

90 

62 

30 

91 

RESI 

0.1233 

0.0764 

0.1067 

0.0970 

0.1514 

0.1273 

5.9603 

7.7472 

6.2206 

RNS 

0.1280 

0.0789 

0.1109 

0.1277 

0. 1582 

0.1476 

6.2979 

8.5584 

7.2442 

OOP' 

1.7 

1.7 

0.9 

0.9 

1.9 

1.9 

96 

HEAR 

13,9145 

13.8167 

13.8653 

01.1026 

01.0577 

01,0869 

62.3679 

i/> 

CM 

o 

i/a 

58.2295 

N 

67 

36 

101 

67 

36 

10.3 

68 

36 

104 

RES! 

0.2209 

0.2700 

0.2248 

0.1347 

0.13:4 

0.1398 

7.0040 

8.15SO 

9.5380 

RMS 

0.2322 

0.2962 

0.2364 

0.1380 

0.1412 

0.1401 

9.2120 

8.6824 

10.6527 

OOP 

2.3 

2.8 

1.0 

1.3 

2.5 

2.9 

97 

HEAR 

13.7615 

13.8075 

13.7903 

01.2338 

01.0507 

01.1431 

58.1760 

61.9003 

59.4344 

N 

51 

37 

90 

51 

37 

88 

52 

36 

89 

RESi 

0.O335 

0.1773 

0.1457 

0.1773 

0.2068 

0.1888 

5.4534 

7.5785 

7.0563 

RMS 

0.0963 

0.1812 

0.1516 

0.1987 

0.2166 

0.2095 

5.7531 

8.286? 

7.4904 

OOP 

1.6 

1.7 

1.4 

1.5 

1.6 

1.8 

95 

MEAN 

13.6354 

13.7149 

13.6640 

01.2093 

00.8063 

01.0363 

54.7280 

55.0998 

54.8928 

N 

56 

46 

104 

59 

46 

104 

59 

47 

106 

RESI 

0.0852 

0.1106 

0.1141 

0.1887 

0.1888 

0.2083 

7.6099 

6.9993 

7.4384 

RMS' 

0.0556 

0.1326 

0.1271 

0.2227 

0.2639 

0.3127 

7.6424 

7.2857 

7.4533 

OOP 

1.6 

1.6 

1.4 

1.4 

1.6 

1.6 

Uelghted 

HEAR 

13.7526 

13.7599 

13.7573 

01. -1320 

00.9518- 

01.0550 

58.1274 

55.6217 

57.1536 

Average 

RMS 

0.1247 

0.1553 

0.1474 

0.1641 

0.1893 

0.1946 

7.0632 

8.1180 

7.9474 

HJD1«46355 

•  46443  HJD2«46452 

•  46522  KJ03*46355 

*  .4652, 

CLASS 

MJD1 

HJ02 

SV 

POOP 

SV 

POOP 

95 

12,9,11,13 

2.7 

12,9,11,13 

2.7 

96 

9,6,13,8 

3.9 

11,13,8,12 

4.2 

97 

6,11,8,3 

2.7 

11,8,3,9 

2.9 

98 

12,8,3,6 

2.7 

12,8,3,6 

2.7 
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Figure  2.  Plots  of  Antenna  Longitude  for  Different  Satellite 
Configurations  of  Class  95,96,97  and  98 
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Figure  3.  Plots  of  Antenna  Height  for  Different  Satellte 
Configurations  of  Class  95,96,97  and  98 
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Figure  A.  Fitted  Residual  Curves  of  77  min  Measurement 
for  SV  12,  8,  3,  6  on  1UDA6538 
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Figure  5.  Polynomial  Fits  to  Accumulated  Delta-Range  Measurement 


for  SV  12,  8,  3,  6  on  MJD  46538 
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Figure  6.  Connon-vlew  measurement  Noise  vers  Local  Observation  Time 
for  Two  Side-by-Side  G^S  Receivers  at  USNO  from  MJD  46557 
to  46576 


Figure  7.  Common-View  Systematic  Error  vers  Satellte  Elevation 
for  Two  Side-by-Side  GPS  Receivers  at  USNO  from  MJD 
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Figure  9.  Systematic  Error  Change  VS  Baseline  Length 
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ABSTRACT 

We  now  have  a  global  network  of  timing  center* 
with  frequency  standard*  having  stabilities  of  a  few 
part*  in  10l*  which  are  monitoring  the  CPS.  It  ha* 
been  shown  that  by  taking  difference*  of  the  eommon- 
view  time  difference*  between  two  timing  center*  and 
between  pairs  of  satellites,  on*  can  arrive  at  a 
statistically  optimum  estimate  for  a  weighting  factor 
for  each  common-view  path.  Ulth  this  approach,  GPS> 
common-view  measurement  noise  of  a  few  parts  in  ID1" 
is  achievable  for  an  Integration  time  of  1  day. 

Using  the  above  weighting  factors,  thiw  paper 
develops*  an  algorithm  for  estimating  a  weighted 
linear  error  of  the  differential  ephemaris  plus 
propagation  errors  for  each  satellite.  This  can  be 
don*  between  any  pair  of  timing  centers  which  have 
receivers  and  clocks  with  adequate  stability.  Since 
most  of  the  time  transfer  receivers  operate  at  the  LI 
frequency  (1.575  CMt),  this  technique  reveals 
information  regarding  the  accuracy  of  the  ionospheric 
models  broadcast  at  this  frequency  as  part  of  the  GPS 
data  word. 

Once  the  individual  satellite's  differential 
propagation  and  ephemaris  errors  are  estimated,  the 
statistical  properties  of  each  can  be  combined  to 
obtain  a  statistically  walghted  estimate  of  the 
common-view  measurement  variations  limiting  the 
comparison  of  the  clock*  between  the  two  remote 
sites.  Optimum  statistical  weighting  yields  a 
significantly  better  measurement  noise  than  can  be 
obtained  from  a  simple  average.  Eor  example,  between 
NBC  in  Ottawa,  Canada  and  NBS  in  Boulder,  Colorado 
demonstrated  stabilities  of  5y(x)  -  1  x  10*lA  x'3*‘, 
where  x  is  in  day's,  have  been  achieved.  This  is 
equivalent  to  a  white  tlma  modulation  noise  of  less 
than  l  ns  sampled  once  per  day.,  On  the  other  hand, 
without  proper  care  in  the  data  processing  errors  can 
accumulate  to  several  tens  of  nanoseconds  in  common- 
view  time  comparisons. 

INTRODUCTION 

The  goal  of  this  paper  is  to  investigate  the 
limitations  caused  by  the  propagation  and  epheaerls 
errors  associated  with  time  and  frequency  comparisons 
between  remote  clocks  via  GPS  satellites  in  common 
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view.  The  common-view  technique  capitalises  on 
cancellation  of  some  errors  as  a  given  satellite  is 
viewed  at  the  highest  angle  -*  limited  by  other 
scheduling  constraints  --  between  the  two  remote 
locations. (1,2)  Typically  LI  (1.575  CHs)  frequency 
receivers  are  employed.  If  the  tracking  schedules 
for  comparing  the  clocks  at  the  remote  sites  are 
identical,  then  the  CPS  clock  error  cancels 
perfectly.  Because  the  vectors  are  not  far  from 
parallel,  a  significant  amount  tf  the  ephemaris  error 
is  cancelled.  The  correlation  distances  for  the 
ionosphere  extend  only  to  about  1000  kllometera(3) ( 
hence,  for  global  time  comparisons,  cancellation  of 
ionospheric  errors  seems  not  to  be  significant  except 
as  they  occur  through  the  modeling.  The  broadcast 
model  for  the  ionospheric  delay  lx  used  in  the 
coesson-vlew  calculations,  and  it  appears  that  these 
modeling  errors  are  the  largest  contributors  to  the 
inaccuracy  of  time  and  frequency  transfer  via  this 
technique. 

In  the  context  of  this  paper  there  are  four  concepts 
that  need  to  be  defined)  time  stability,  time 
accuracy,  frequency  stability,  and  frequency 
accuracy.  Specifically,  in  this  paper  we  address 
only  stability  and  accuracy  of  the  GPS  common-view 
measurement  technique  and  not  that  of  the  remote 
clocks.  Our  goal  again  is  to  see  how  well  we  can 
compare  the  time  and  frequency  of  the  rsmote  clocks 
using  this  technique  as  limited  by  the  propagation 
and  ephemaris  error*.  Time  stability  is  a  measure  of 
the  change  in  the  measurement  system  time  delay  from 
one  time  to  a  time  x  later.  Time  accuracy  can  be 
conceptualised  in  terms  of  a  perfect  portable  clock 
which  is  used  to  measure  the  absolute  time  difference 
between  the  two  remote  clocks.  Frequency  stability 
is  usually  specified  in  terms  of  ciy(x)  and/or 
modified  Oy(x),  (denoted  5y(x)).[A-6]  Frequency 
accuracy  of  the  measurement  system  is  a  measure  of 
how  well  one  can  determine  the  absolute  frequency 
difference  between  Che  two  resMte  standards. 

METHOD  OF  ANALYSIS 

References  (2t>7)  showed  that  over  a  given  day's 
tracking  schedule  of  GPS  satellites,  two  remote 
clocks  having  a  set  of  common-view  values  can  be 
compared  with  a  day-to-day  time  stability  of  a  few 
nanoseconds.  On  a  given  day  if  the  difference  of  the 
time  difference  between  these  two  remote  clocks  is 
calculated  from  data  obtained  through  two  different 
GPS  satellite  vehicles  (SV),  then  the  times  of  these 
remote  clocks  drop  out  of  the  equations  and  we  are 
left  only  with  the  difference  in  the  cossaon-view 
propagation  and  ephemeris  errors  between  these  two 
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truck*.  For  most  of  th«  international  timing  center* 
the  effect  of  the  remote  clock*  on  thi*  assumption 
amount*  to  only  a  feu  nanoseconds . 

We  will  denote  the  two  remote  clock  «ltes  a*  A  ami  B. 
At  Kite*  A  and  Ji  we  measure,  respectively,  time 
difference*  at  a  time  t j  of  clock  A  and  B  mlnu*  CPS: 


statistic*  on  (6)  to  determine  the  optimum  weight, 
wj.  for  each  common-view  track. 

Let  uc  next  assume  that  the  variance  of  the 
deviations  of  x  proportional  to  the 


xAe(e,)  -  xA(e,)  ■  ■  M*i>  (1) 


linear  deviation.  If  this  Is  true  then  we  can  write 
as  an  estimate  of  the  jth  linear  deviation, 


and 


xl0(c,)  "  ‘  *  xofc«)' 


(2) 


n 

•  Y. 


■  x„) 


(7) 


where  x^,  xg,  and  xn  are  the  true  time  deviations  for 
clock*  A,  B,  and  CPS  via  the  l1*1  SV(  respectively, 
and  the  xq*  are  the  errors  at  A  snd'h  between  these 
measure*  and  the  truth.  Subtracting  (2)  from  (l) 
give*  u*  the  common-view  estimate  equation  for  the 
time  difference  between  clocks  A  and  B: 

xA|(ct )  ■  xA(c,)  ■  X|(c,)  ■  *#A,te»>'  (3) 

wherex*  (t)l«  now  the  differential  delay  error  via 

A* 

I 

SV[ .  It  has  been  shown  that  the  differential  delay 
error*  are  significantly  smaller  than  either  of  the 
error  term*  in  equation*  (1)  and  (2),  hence,  the 
value  of  common  view  for  time  and  frequency 
comparisons  between  remote  clock*  (2). 

We  have  a  similar  measurement  at  a  time  ti  of  the 
common-view  estimate  of  the  time  difference  xgg(tj) 
via  SVj:  J 

XAi(Gj)  -  xA(tj)  •  x,(e4)  •  xB  (tj). 

i 

Subtracting  (A)  from  (3)  we  obtain 
xA,(c,j)  «  xA(c,)  ■  xA(cJ)  « 

x»(c,)  ■  x»(cJ)  -  xB^(c(J). 

ij 

If  t^  ■  tj  th-.r,  of  course,  the  first  four  terms  on 
the  rlghtof  (5)  cancel  in  pairs.  In  a  typical  pass 
of  the  CPS  constellation  the  maximum  value  for 
|  tl  -  t«  |  is  about  6  hours  or  less.  For  typical 
high-performance  cesium-beam  frequency  standards 
employed  at  international  timing  centers  the  ms 
contribution  of  the  first  four  terms  is  about  2  ns  or 
less  for  a  set  of  such  passes  taken  as  a  time  series. 

If  clocks  A  and  B  have  a  frequency  difference,  this 
will  cause  a  bias  in  the  value  given  by  (5),  which 
will  have  no  effect  on  the  statistical  analysis  to 
follow,  but  can  have  an  effect  on  the  linear 
estimate.  If  the  frequency  difference  changes 
outside  of  the  normal  noise  of  the  clocks,  then  that 
change  will  have  an  effect  on  the  statistics. 

Given  that  each  path  1  and  j  is  nominally  Independent 
of  the  others,  and  given  the  above  conditions,  let  us 
simplify  (5)  to 

’'AB^lji  a  *jl  t^ij)  ,  (6) 

where  Ejj  Is  the  average  of  the  track  times  ti  and 
tj.  As  shown  in  reference  (4]  we  can  do  N-corncr 


(A) 

(5) 


where  there  are  n  values  from  the  SV*  on  a  given  day 
and  X(0  lx  the  true  deviation  of  the  differential- 
delay  common-view  error,  the  above  assumption  yield* 


£ 

i*: 


■  0  ; 


(*) 


hence,  even  though  x,0  1*  not  known,  If  our 
assumptions  are  valid,  we  can  estimate  the  linear 
deviation  as  in  (7). 

Hultlpath  and  coordinate  error*  In  the  CPS  receiver* 
at  A  and  B  can  also  bias  the  value  calculated  In  (5). 
Since  these  are  nominally  constant  they  will  not 
affect  the  variances— only  the  linear  estimates. 

Since  the  largest  error  In  the  linear  deviation  for 
common-view  time  and  frequency  transfer  is  believed 
to  be  in  the  ionospheric  modelling  on  the  GPS  LI 
frequency,  we  have  performed  a  global  analysis  of  the 
estimate  given  by  aquation  (7).  The  stations  used  in 
the  analysis  were  picked  from  around  the  world. 

These  stations  Include  the  following: 
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Figure  1  is  a  plot  of  the  day-by-day  estimate  of  the 
combined  propagation  and  ephemecls  common-view  errors 
between  USNO  and  NBS  via  SV  12  (NAVSTAK  10)  given  by 
equation  (7).  The  Fourier  frequency  spectrum  is 
characterized  by  white-noise  phase  modulation  (PM); 
lienee,  filtering  is  appropriate  in  order  to  see  the 
low-frequency  characteristics  of  the  data,  A  30-day 
exponential  filter  was  chosen  through  which  to  plot 
the  day-by-day  estimates  given  by  equation  7.  Figure 
2  shows  a  plot  of  data  obtained  through  both  NAVSTAR 
10  and  the  other  vehicles  available  between 
Washington,  D.C.  and  Boulder,  Colorado  using  the  USNO 
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and  HRS  LI  receivers.  If  the  residuals  are  white 
noise  PM,  the  measurement  noise  la  given  by  (6) 
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FIGURE  I  A  |>Loc  of  (lit  dally  estimate  via  equation  7 
of  the  dlff«r«nclal  ephenerl*  plus  propagation  arrora 
foe  Cl'S  common-view  measurement*  between  Boulder, 
Colorado  and  Washington  D.C.  via  NAVSTAR  10. 
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FIGURE  2  A  plot  of  a  fl leered  estimate  via  equation 
7  of  Che  differencial  cphemerls  plus  propagation 
errors  for  GPS  common-view  measurements  between 
Boulder,  Colorado  and  Washington  D.C.  via  the 
dtfforonc  NAVSTAR  satellites  Indicated, 
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where  t0  Is  the  data  spacing  l.e.,  1  sidereal  day. 
The  composite  measurement  noise  is  given  by 


where  the  o^2  come  froai  the  N-cornered-hat 
statistical  analysis  using  (6).  The  average  standard 
deviation  of  the  residuals  across  the  different  oVa 
Is  listed  In  Table  2.  Comparing  It  to  the  composite 
measurement  noise,  which  is  also  listed,  cae  obtains 
a  feel  for  the  benefit  of  performing  a  combined 
optimal  weighted  estimate  to  obtain  improved  time 
stability.  This  factor  ranges  between  3  and  1*  ior 
the  data  In  this  paper.  Equation  (9)  glvas  the 
relationship  between  the  time  stability  and  the 
frequency  stability.  The  time  accuracy  la  probably 
more  closely  related  to  the  standard  deviation  of  the 
residuals  as  listed  in  Table  2.  The  frequency 
accuracy,  of  the  measurement,  on  the  other  hand,  will 
be  glven^the  magnitude  of  the  integration  time  chosen 
in  measuring  the  frequency  difference  between  clocks 
A  and  R.  The  value  of  Oy(r),  once  a  weighted  set  of 
the  coaaaon-vlew  tracks  Is  taken,  will  be  an  estimate 
of  that  accuracy.  This  measurement  accuracy  has  )>ean 
demonstrated  to  be  significantly  better  than  the 
accuracy  of  the  beat  primary  frequency  standards  ,n 
the  world. 

Figure  3  shows  the  smoothed,  deviations  of  the 
residuals  for  the  path  from  Australia  to  Tokyo,  lie 
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FIGURE  3  A  ploc  of  a  filtered  esdmace  via  equation 
7  of  the  differencial  cphemerls  plus  propagation 
errors  for  CPS  common-view  measurements  between 
Australia  and  Japan  via  the  different  NAVSTAR 
satellites  Indicated. 


see  a  lot  more  low-frequency  variations  and  soma 
evidence  for  systematic  errors  in  these  data.  The 
next  common-view  path  shown  in  Figure  4  is  from  Tokyo 
to  Boulder,  Colorado  between  RRL  and  NBS.  Notice  <01 
apparent  annual  term  for  the  residuals  with  NAVSTAR 
10,  as  well  as  with  NAVSTAR  6.  Figure  5  shows  data 
for  the  common-view  path  across  Asia  from  RRL  to  PTB. 
Figure  6  shows  comparisons  between  PTB  and  NBS  on  a 
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FI  CUKE  A  A  plot  o  f  a  filtered  estimate  vU  equation 
7  of  the  differencial  ephemerl*  plus  propagation 
error*  Cor  CPS  common-view  measurements  between 
Colorado  and  Japan  via  the  different  NAVSTAR 
satellites  Indicated. 


wr  cam 

FICURE  5  A  plot  of  a  filtered  estimate  via  equation 
7  of  the  differential  eplienerls  plus  propagation 
errors  for  CPS  common-view  measurements  between  West 
Germany  and  Japan  via  the  different  KAVSTAR 
satellites  Indicated. 


path  across  the  Atlantic  plus  the  continental  US. 
These  data  also  show  an  apparent  annual  variation 
with  NAVSTAR  6  and  10  of  about  20  ns. 

The  path  between  Hawaii  and  Boulder  was  chosen 
because  of  the  proximity  of  the  clock  at  WWVH  to  the 
equator  -*  placing  greater  demands  on  the  Ionospheric 
modeling.  The  peak-to-peak  scatter  shown  In  Figure  7 
seems  to  be  a  bit  larger  and  the  variability  seems  to 
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FICURE  6  A  plot  of  a  filtered  estimate  via  equation 
7  of  the  differencial  ephtmorla  plus  propagation 
errors  for  CPS  common-view  measurements  between  West 
Germany  and  Colorado  via  tha  different  NAVSTAR 
satellites  indicated. 


mt  no«> 

FICURE  7  A  pl^t  of  a  filtered  estimate  ”l«  equation 
7  of  the  differential  ephemerls  plus  propagation 
errors  for  CPS  common-view  measurements  between 
Hawaii  and  Colorado  via  rhe  different  NAVSTAR 
satellites  Indicated. 


be  higher.  Ho  annual  term  is  evident.  In  contrast 
the  comparison  across  the  continental  US  between 
Ottawa,  Canada  and  Boulder,  Colorado  Involves  a  very 
high-latitude  station.  These  data,  shown  In  Figuro 
8,  are  quite  different  and  show  very  small 
variability  and  an  Indication  of  significant  biases 
which  could  be  due  to  multipath  or  coordinate 
problems  at  one  or  both  of  the  sites. 


147 


REFERENCES 


- , - - - - - — ' - ' 

«*<M.  <*»!»,  Hitt.  4UII. 


MT  »*)*> 

FIGURE  8-  A -plot;  of  a  flltared  estimate  via  equation 
7  of  die  differencial  ephc:«ris  plus  propagation 
ovror*  far  CPS  eotwson-vlev  Koosurjsents  between 
Ottawa.  Canada  and  Eauldar,  Colorado  via  tint 
different  HA'.'STAR  satellites  indicated. 


Conclusion 

table  2  lists  tbo  paths  l-o. ,  the  end  locations  of 
Clocks  A  mid  B,  the  standard  deviation  of  the 
filtered  data  over  the  last  100  days  and  thn  weighted 
measurement  no  iso  for  each  of  the  common-view  paths 
studied.  Global  tine  comparison  accuracies  of  about 
20  nanoseconds  or  loss  are  available  fron  a  weighted 
sot  of  GPS  satellites  used  In  common  view.  Titan 
stabilities  are  typically  only  a  few  nanoseconds  for 
global  tine  comparisons.  Frequency  stabilities  nay 
be  ehsractorixmljiy  the  square  root  of  the  modified 
Allan  variance,  o.,(t),  equal  to  a  feu  parts  in  101A 
tines  t"-”2  (t  in  deys)  for  integration  tlnos  fron 
ono  day  to  a  couple  of  weeks.  The  full  accuracy  of 
state-of-the-art  primary  frequency  standards  Is 
avallabla  at  a  remote  site  through  a  weighted  average 
of  the  CPS  satellites  used  In  cocoon  view  l.e., 
values  less  than  l  part  In  10^'  are  achievable  for 
Integration  tines  of  a  feu  days. 

TABLE  2 


PATH 

AVERAGE 
STANDARD 
DEVIATION  (ns) 

DAY-TO-DAY 
MEASUREMENT 
NOISE  (ns! 

USNO 

- 

NBS 

A. 2 

l.A 

CSIRO 

- 

RRL 

18.6 

3. A 

NBS 

- 

RRL 

20.5 

5.2 

RRL 

- 

PTB 

12.1 

A. 8 

PTB 

- 

NBS 

8.5 

2.0 

WWVH 

- 

NBS 

5.9 

2.3 

NRC 

- 

NBS 

19.0 

l.A 
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Ku-BAND  SATELLITE  TVO-WAY  TIMING 
USING  A  VERY  SMALL  APERTURE  TERMINAL  (VSAT)» 

04V  itl  A<  Itowa 

Time  and  Frequency  Division 
National  bureau  of  Standards 
Boulder,  CO  80303 


Summary 


The  NR-S  Boulder  Laboratory  1ms  recently  completed 
installation  of  a  6.1  meter  Ku-band  (K./T2  Cits) 
satellite  earth  station  and  has  acquired  tuo  1.8 
meter  portable  earth  terminals  end  commercial  spread* 
t»p«!:tru»  modems.  Tills  equipment  was  procured  for  tha 
purpose  of  doing  two-way  time  transfer  experiments  In 
collaboration  with  other  timekeeping  laboratories. 
Each  portable  earth  terminal,  often  called  VSAT  for 
"very  small  aperture  terminal"  when  the  dish  diameter 
is  1.8  meters  or  'esa,  Is  a  complete  Ku-band  earth 
station.  The  VSAT  can  provide  full  duplex  capability 
to  transmit  to  and  receive  from  a  geostationary 
satellite  of  the  Fixed  Satellite  Service  (ESS). 

Titus,  two-way  time  comparisons  can  be  done  directly 
between  NBS  and  a  portable  VSAT  through  a  Ku-band 
satellite.  Mtase  measurements  have  been  performed  of 
earth  station  and  VSAT  facilities  in  various  loop* 
around  schemes  using  a  satellite  simulator.  Frequency 
stability  Oy(x)  at  various  earrlor-to-noUe  density 
(C/N0)  ratios  will  bo  reported.  Stability  plots  have 
shown  that  performance  Is  A  x  10"‘°x'1  for  a  C/Na 
ratio  of  65  dB-lls  and  that  this  white  noise  behavior 
continues  to  a  feu  days  where  ny  is  3  x  10*ls. 
Absolute  phase  delay  measurements  show 
reproducibility  to  botcor  than  1  ns  ovor  a  16  day 
s .imp in  tine .  Tills  suggests  tho  potential  for 
accuracy  to  this  level  given  an  appropriate 
callbrat'on.  Preliminary  results  of  loop  tests 
through  satellite  will  be  reported. 


Tills  paper  describes  a  measurement  method,  which 
determines  the  principle  time  delay  constant 
affecting  the  accuracy  of  time  synchronization  using 
the  two-way  technique.  Tha  method  does  not  roly  on 
traditional  injection  and  timing  of  an  RF  pulse  but 
Is  an  In  situ  determination  having  fewar  measurement 
uncertainties. 


Introduction 


Continuing  growth  in  satolllto  telecommunications 
opens  up  new  opportunities  for  doing  accurate 
transfers  of  time  between  suitably  equipped 
laboratories.  Wideband  Ku-band  satellite 
transponders  In  the  1A/12  GHz  band  pornlt  the  usu  of 
small,  low-cost  earth  stations  with  minimal 
terrestrial  intorferonco  and  relatively 
straightforward  licensing.  Tho  short  wavelength  of 
the  12  GHz  downlink  frequency  along  with  the  high 
pouor  of  tho  satellite  transponders  yields  adequate 
signal  lovolt  oven  when  using  only  a  small  1.8m  dish 
on  location.  Those  small  earth  stations  arc  portable 
and  can  bo  conveniently  placed  for  connection  to  tine 
standard  outputs.  Uhen  tha  dish  dianotor  is  1.8a  or 

*This  work  has  been  partially  supported  by  Tho  Rome 
Air  Development  Center  under  contract  F33602-85-G055. 
Contribution  of  the  National  Bureau  of  Standards,  not 
subject  to  copyright. 


leas,  tho  earth  station  Is  referred  to  as  a  "very 
small  aperture  terminal"  or  VSAT.  The  VSAT  can 
provlda  full  duplex  capability  to  transmit  to  and 
receive  from  a  geostationary  satellite  of  the  fixeo 
satellite  service,  or  FSS. 

Recent  time  transfer  experiments  using  the  tuo-way 
technique  through  geostationary  satellites  have  been 
demonstrated  to  a  level  of  several  nanoseconds  (1,2). 
Tim  development  of  a  modem  specifically  designed  for 
this  task  creates  additional  opportunity  for  doing 
research  on  the  two-way  time  transfer  technique  via 
satellites  of  the  Fixed  Satellite  Service  (FSS)  by 
simplifying  the  procedure  (3).  The  modem  uses  phase- 
shift  keying  modulation  in  roughly  A  Mils  of  bandwidth 
and  a  pseudo-random  noise  (l'N)  sequence  as  the  signal 
modulation.  Therefore,  the  signal  Is 
indistinguishable  from  the  normal  communications  link 
noise.  There  is,  of  course,  an  increase  in  the  noise 
density  over  tho  A  MHz  which  tliu  signal  occupies,  hut 
as  discussed  later  this  increase  can  be  small  enough 
that  no  interference  is  caused  to  other  transponder 
users. 

Tills  paper  discusses  tests  conducted  using  a  Ku-hand 
portable  VSAT  having  a  dish  diameter  of  1.8m  with  tho 
spread-spectrum  modem.  This  equipment  la  part  of  a 
system  directed  toward  two-way  tine  transfer 
experiments  with  various  timokeoplng  laboratories, 
lit  addition,  torts  have  been  conducted  with  a 
satellite  earth  station  facility  having  a  6.1n  dish 
at  the  National  Curuau  of  Standards,  Boulder 
Laboratories.  Finally,  actual  satolllto  loop  tests 
woro  performed  using  tho  VSAT  and  tho  NBS  earth 
station. 


Facllltlos 


Tha  central  component  of  tho  prosont  tuo-way 
satolllto  work  is  n  Ku-band  oarth  station  having  a 
6.1m  dish  located  on  top  of  tha  radio  building  at 
NBS,  Bouldar.  It  is  roforrod  to  as  tho  "hub"  in  tho 
sonso  that  other  involved  anrth  stations  (VSAT's) 
have  less  capability  and  tha  uso  of  tho  hub  during 
experiments  halps  establish  initial  satellite 
connections.  A  picture  of  tho  antenna  is  shown  in 
tho  background  of  Figure  1  and  n  plctura  of  tho  earth 
station  equipment  which  is  located  about  30  motors 
away  is  shown  in  Figure  2.  Figure  3  is  a  block 
diagram  of  the  principal  parts  of  the  earth  station. 
Pointing  of  tho  antenna  is  by  motorizad  positioners 
controlled  by  a  micropiocessor-basod  driver.  The 
6.1m  dish  has  a  receive  gain  of  56  dB  and  has  a  low 
noise  amplifier  (LNA)  with  a  2.5  dB  noise  figure. 

Tha  transmitted  output  power  is  -1-26  dBm  maximum 
(approximately  O.A  watts)  measured  near  tha  feed.  A 
complete  description  of  the  hub  is  given  in  reference 
A. 


Tha  VSAT  consists  of  a  complete  earth  station  RF 
package  with  70  MHz  input  ond  output  intermediate 
frequency  and  attached  to  a  1.8n  dish  on  a  free- 


*US  GOVERNMENT  1IGRK  IS  KOI  PROTECTED  BY  US  COPYRIGHT" 


149 


standing  pedestal.  It  lx  shown  In  the  foreground  of 
Figure  l.  The  dish  use*  a  J-hook  prime-focus- feed 
system.  The  mount  lx  a  simple  elevatlon-over-szlmuth 
assembly  using  galvanised  steel  braces  arranged  in  a 
triangular  geometry  designed  for  resting  directly  on 
the  ground  or.  In  this  case,  on  the  roof.  Pointing 
can  be  done  by  one  person  by  physically  moving  the 
whole  terminal  to  position  and  locating  the  satellite 
by  observing  the  received  signal.  Since  several 
satellites  Might  oe  picked  up,  a  unique  identifying 
signal  such  as  a  video  (television)  trsnsolsslon  Is 
very  helpful  during  this  pointing  exercise.  The  6.1m 
antenna  of  the  hub  can  auteauiilcally  point  to  a  given 
satellite  so  the  signals  frow  It  ean  be  used  as  a 
reference.  This  operstion  Is  described  later. 


In-Cablnat  and  Free-Snace  Laog  Tests 

In  order  to  test  the  various  subsystem  comprising 
the  ground  equlpewnt,  several  loop-around  acheeuts 
were  e«ployed,  which  can  be  divided  Into  two  basic 
categories:  (!)  ln-cablnet  tests  Involving  the  use  of 
a  satellite  simulator  connected  to  the  transmit  and 
receive  (14  and  12  CHz)  wavagulde  ports  of  the  VSAT 
or  earth  station,  and  (2)  free-space  tests  using  the 
satellite  simulator  connected  to  horn  antennas  which 
are  located  away  from  and  directed  at  the  VSAT  with 
Its  dish  fully  operational.  Figure  3  shows  the 
placement  of  the  simulator  for  ln-cablnet  tests  for 
the  hub  earth  station.  The  transmit  signal  from  the 
I  watt  power  amplifier  Is  switched  to  a  power  mater 
with  a  sample  of  the  signal  routed  to  the  Input  of 
the  simulator.  The  simulator  shifts  tha  frequency  by 
2.3  GHx  and  this  output  Is  fad  to  the  1N4  (low  noise 
amplifier).  Figure  A  is  a  block  diagram  of  the  ln- 
cablnet  test  using  the  VSAT.  The  VSAT  RF  transceiver 
contains  upconvurter,  power  amplifier,  LNA,  and 
dovneonverter  all  in  one  package.  Connection  of  the 
simulator  Is  straightforward.  Figure  5  Is  a  block 
diagram  of  the  free*space  loop  test  used  with  the 
VSAT.  In  this  test,  the  VSAT  1.8m  dish  Is  deployed 
and  horn  antennas  are  used  with  the  simulator  along 
with  a  LNA  for  gain  ahead  of  the  simulator. 

With  the  modem  sending  end  receiving  PN  spread- 
spectrum  modulation  In  loop  tests,  one  can  analyte 
the  phase  stability  of  tha  1  pps  sent  round  trip 
through  the  ground  equipment.  Tills  sets  an  upper 
limit  on  the  expected  stability  using  this  aquipment. 
Stability  measurements  are  performed  using  the  two- 
sample  Allan  variance  of  the  phase  readings  from  a 
time-interval  counter  (TIC).  Frequency  stability  (oy 
vs.  t)  from  one  second  to  a  few  thousand  saconda  Is  3 
shown  In  figure  6  for  three  carrler-to-noise-denslty 
(C/No)  ratios  using  the  hub  equipment  with  an  ln- 
cablnet  loop  test.  Carrler-to-noise-denslty  ratio  Is 
a  figure  of  merit  parameter  for  communication  links 
and  the  measurement  technique  is  described  In 
Appendix  I.  For  a  C/No  of  65  dB-Hz,  oy  is  about  A  x 
10"*°  t”*.  Also  shown  Is  Oy  with  the  modem  in  Its 
Internal  (70  MHz)  loop  test  mode  which  presumably  Is 
a  best  case  condition  representing  a  high  C/No  ratio. 
Also  plotted  in  figure  6  Is  the  calculated  two-sample 
variance  from  the  white  phase  Jitter  published  with 
the  modem.  Dally  measurements  at  65  dB-Hz  show 
fairly  good  agreement  with  extrapolated  short-term 
measurements  with  actual  data  taken  to  A  days  and 
stability  of  a  few  x  10*15.  Thus  long-term  stability 
is  good.  For  reference  purposes,  one  voice-grade 
satellite  channel  typically  represents  a  C/No  of 
about  55  dB-Hz  and  the  modem  works  reasonably  at  this 


level  as  shown  by  the  suability  measurements  of 
figure  6. 

Figure  7  shows  frequency  stability  results  of  ln- 
cablnet  loop  tests  performed  on  tha  VSAT  transceiver. 
C/No  was  75  dB-ltz  taken  at  the  upper  signal  limit  of 
the  modem  In  order  to  uncover  any  noise  degradation 
due  to  the  transceiver.  Identical  results  were 
obtained  in  the  internal  loop  tests  and  ln-cablnet 
transceiver  loop  tests  indicating  that  no  degradation 
bad  taken  place.  As  an  additional  test,  three  modems 
were  connected  In  series  so  the  loop  around  Involved 
transmission  by  one  modem,  reception  by  a  second  with 
retransmission  by  the  second,  reception  by  a  third 
with  retransmission  by  the  third  through  the  VSAT 
transceiver  and  simulator  and  finally  reception  by 
the  first  modem.  Die  frequency  stability  measurement 
results  In  figure  7  show  virtually  no  stability 
degradation  compared  to  single  modems,  so  the 
apparatus  does  well  even  In  this  situation. 

The  VSAT  was  set  up  with  the  l.Sm  antenna  assembled 
on  its  free-standing  taunt  for  making  range 
measurements  to  the  translator  located  up  to  26 
meters  away.  Horn  antennas  and  a  LNA  were  added  to 
the  translator  as  shown  in  the  block  diagram  of 
figure  5.  The  distance  r  is  taken  from  the  open  end 
of  the  feedhornx  to  the  open  end  (phase  center)  of 
the  J-hook  prime  focus  feed  horn  of  the  1.8a  VSAT 
dish.  This  range  measurement  yields  the  delay 
through  the  VSAT  extrapolated  to  zero  distance  after 
removing  the  trsnslztsr  delay  by  taking  Mssuroscrtts 
as  shown  In  figure  8.  The  slope,  that  Is  the  round 
trip  delay  as  a  function  of  distance,  Is  determined 
by  the  speed  of  light,  and  is  14.95  cs/n*.  Three 
measurements  were  taken  ami  one  can  see  the  agreement 
with  this  slope  In  figure  8. 

Day-to-day  loop-around  time  delay  variations  were 
measured  with  the  VSAT  ln-cablnet  and  free-space. 
These  results  are  plotted  In  figure  9  and  show 
reproducibility  to  the  1  ns  level.  These  results  are 
excellent  and  show  the  potential  for  satellite 
synchronization  at  this  level.  There  (s  a 
discernible  increase  In  the  noise  level  of  the  free- 
space  data.  Its  cause  Is  unknown  but  may  be  due  to 
translator  environmental  sensitivity.  Nevertheless, 
the  results  are  encouraging  since  the  measurement  Is 
"round  trip"  snd  represents  accumulated  phasa  noise. 

Satellite  Loop  Tests 

After  testing  this  equipment  (the  ground  segment),  ve 
proceeded  to  loop  tests  involving  actual  satellites 
operating  In  the  domestic  Ku-band  with  assigned 
uplink  between  14.0-14.5  CHz  and  downlink  between 
11.7-12.2  CHz.  The  configuration  for  doing  tlioso 
satellite  loop  tests  is  essentially  identical  to  tha 
free-space  tests  involving  the  translator  except  that 
the  dish  antenna  is  directed  at  the  satellite 
transponder.  Before  this  operation  is  done,  the 
first  consideration  Is  deciding  which  satellites  make 
suitable  candidates  for  tests.  This  decision  Is 
dependent  on  the  receiver  G/T  and  transmit  EIRP  of 
the  ground  facility,  the  satellites  in  view  and  tholr 
G/T  and  EIRP  for  a  given  connection,  the  minimum 
acceptable  C/No,  and  (in  this  case)  the  available 
bandwidth  [5].  Tests  were  done  on  three  satellites: 
SATCOH  K2  (81  W),  SBS  3  (95  W),  and  SPACENET  II  (69 
W).  These  transponders  are  primarily  used  for  video 
transmissions,  and  are  available  on  a  pre-emptlble, 
partial-transponder,  occasional-use  basis  as  long  as 
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no  interference  Is  caused  to  other  no run l  traffic. 

The  spread-spectrum  modem  requires  a  minimum  C/No  of 
50-55  dB-Ht,  the  equivalent  of  about  on«  volco  grade 
channel,  spread  across  a  bandwidth  of  2  to  A  KHz.  In 
practice'  the  mode*  require*  more  than  60  dB-Ht  in 
order  for  the  deeiodulator  to  acquire  initial  lock 
because  of  the  effects  of  any  unknown  frequency 
offset  errors  in  the  transponder  and  because  of 
occasional  spurious  Interference  in  the  roughly  A  Milt 
bandwidth. 

Figure  10a  shows  a  block  diagram  of  key  elements  of 
the  loop  test  using  the  hut  and  Its  6.1m  dish.  The 
Intermediate  frequency  used  into  and  out  of  the 
upconvertar  and  downconverter  equipment  Is  70  KHx  and 
connections  are  made  to  the  corresponding  transmit 
and  receive  ports  of  the  modem.  A  1  pps  and  a  10  KHx 
reference  were  provided  by  a  rubidium  standard  and 
the  transmitted  1  pps  identification  point  used  In 
the  modulated  PN  sequence  Is  approximately 
synchronised  with  the  external  l  pps  reference.  The 
transmitted  and  received  1  pps  as  determined  by  the 
modem  are  used  as  stare  and  stop  pulses  and  are 
measured  using  a  time  Interval  counter  having  a 
resolution  of  35  picosecond*  (rms)  per  second.  The 
negative  going  transitions  provide  triggering. 

Figure  10b  shows  a  similar  setup  but  instead  using 
the  VSAT  with  Its  l.lm  dish.  In  this  case,  the 
upconverter  and  downconverter  are  part  of  the 
transceiver  which  Is  attached  to  the  backside  of  the 
dish.  About  15  meters  of  coax  cable  separates  the 
modem's  70  MHz  ports  from  the  Input/output  of  the 
VSAT. 

First  loop  tests  were  conducted  using  the  hub  earth 
station  and  SATCOK  K2  located  at  81  V.  A  A  KHz 
segment  at  the  high  frequency  edge  of  transponder 
number  six  was  used  for  the  test.  The  advantage  to 
this  kind  of  segment  is  Its  availability  and  low-cost 
since  It  is  useful  mainly  for  In-house  voice 
communications  by  satellite  operators  and  Its 
marketability  is  not  great  due  to  potential 
Interference  problems  described  her*.  Figure  11 
show*  spectrum  analyser  displays  of  signals  received 
from  SATCOK  K2(6B)  using  the  modem  and  hub  earth 
station.  The  center  of  each  display  marks  the 
frequency  of  the  loop  test  signal  as  a  clean  carrier 
(figure  Ua)  and  with  PN  modulation  (figure  lib). 
Figure  He  represents  a  wider  frequency  span.  Of  the 
normal  video  signal  which  may  occupy  the  upper  half 
of  transponder  number  six  (designated  6B).  there  Is 
usually  only  a  small  amount  of  power  that  extends  to 
the  last  A  MHz.  However,  video  signals  are  frequency 
modulated  and  may  extend  to  2A  HHx  wide.  A  full 
transponder  on  SATCOH  K2  is  5A  HHx  wide  and  can  carry 
two  video  signals.  Allowing  for  a  guard  band  between 
two  video  signals,  one  sees  the  possibility  of 
Interference  even  at  the  transponder  edges.  An 
adjacent  video  signal  is  clearly  seen  in  the  spectrum 
analyxer  displays  of  figure  11.  Another  form  of 
interference  comes  from  a  second  transponder  which  is 
operating  at  nearly  the  same  frequency  but  has 
orthogonal  antenna  polarisation.  This  configuration 
is  called  tho  dual  polarisation  mode.  Commonly, 
horizontal  and  vertically  polarised  signals  share  the 
same  satolllte  permitting  greater  utilisation  of  tho 
frequency  spectrum.  If  signals  are  present  on  the 
other  polarised  transponder,  then  the  Interference 
depends  on  the  signals'  frequencies,  amplitudes,  and 
the  degree  to  which  the  orthogonal  component  can  be 
nulled  by  the  earth  station  antenna.  Cross¬ 
polarization  interference  Is  evident  In  figure  11 


from  video  transmissions  from  the  other  transponder. 
Another  potential  problem  with  use  of  the  edge  of  a 
transponder  1*  frequency-response  roll-off  which 
creates  (1)  amplltude-to-phas*  conversion  and  (2) 
more  difficult  decoding  by  the  modem.  This  roll-off, 
as  it  turned  out,  was  not  significant  In  this  test 
and  hence  was  not  a  problem. 

There  are  other  forms  of  Interference  than  those 
stated  above,  but  they  were  negligible  in  these 
tests.  Interference  analysis  is  described  In 
reference  5.  There  Is,  however,  a  type  of 
Interference  that  Is  subtle  yet  significant  when  a 
low  C/No  signal  is  shared  with  video  transmissions; 
its  effect  Is  called  "loading".  The  transponder 
output  power  amplifier  Is  not  linear  when  operating 
near  saturation;  that  Is,  its  overall  gain  becomes  a 
function  of  its  Input  signal  level.  When  there  are 
no  other  signals  on  the  transponder,  a  given  signal 
level  is  retransmitted  back  based  on  the  satellite's 
specifications  thus  yielding  a  predictable  received 
C/No.  Multiple  carrier  systems  (usually  non-video) 
generally  require  that  the  received  satellite  flux 
density  be  several  dB  less  than  that  required  for 
saturated  ouput  In  order  to  reduce  Inlermodulatlon 
Interference.  However,  when  one  or  two  video  signals 
share  the  transponder,  the  system  is  usually  operated 
near  saturation.  If  only  one  video  signel  occupies 
the  entire  transponder,  it  may  be  operated  at  or  even 
above  saturation.  This  can  cause  the  shared  FN 
signal  to  drop  by  as  much  as  6  to  8  dB  causing  a  net 
reduction  In  the  received  C/No  by  this  amount.  Since 
Oy  is  Increased  as  C/No  Is  decreased,  unexpected 
characteristics  In  o„  may  occur  If  transponder 
loading  Is  changing  during  sampled  time  intervals.  A 
few  transponders  have  an  automatic  gain  step 
capability  that  alleviates  this  problem  by  adjusting 
the  gain  of  the  tranaponder  so  low  level  data 
channels  ere  less  affected  by  loading. 

Satellite  loop  test*  were  performed  using  the  VSAT 
and  SBS-3  located  at  95  W.  Setting  up  the  VSAT  and 
actually  doing  the  loop  around  proved  to  be  a 
formidable  task  that  Is  greatly  simplified  with  the 
availability  of  the  hub  earth  station.  The  VSAT  with 
its  small  dish,  low  power,  and  fixed  2.3  GHz 
transmit/receive  offset  Introduces  a  new  set  of 
problems  compared  to  the  hub  earth  station.  In 
addition  to  making  sure  that  the  link  calculation 
with  a  given  setelllte  (In  tills  case  SBS-3)  yields  at 
least  60  dB-Hz,  on*  has  to  consider  the  problem  of 
pointing  at  the  correct  satellite,  assuring  that  the 
correct  frequency  and  power  level  Is  actually 
transmitted,  and  verifying  that  the  spread  spectrum 
signel  is  being  received. 

Figure  12  shows  spectrum  analyzer  displays  of 
received  signals  from  the  VSAT  in  a  loop  test  with 
SBS-3.  Clean  carrier  is  shown  In  figure  12a  with  a 
10  KHz  scan  and  10  kHz  analysis  bandwidth,  figure  12b 
is  the  same  display  but  with  PN  modulation  on,  and 
figure  12c  Is  with  PN  modulation  and  with  an  expanded 
scan  of  50  KHz  and  1  KHz  analysis  bandwidth.  Scan 
time  Is  10  seconds  for  figures  12a  and  12b,  and  one 
can  see  the  difficulty  in  discerning  an  Identifiable 
spread  spectrum  signal  in  the  noise.  These  displays 
are  typical  of  the  kinds  of  signals  obtained  using 
the  modem.  The  modem  usually  took  several  minutes  to 
acquire  lock  of  the  return  signal  from  the 
transponder.  A  difficulty  with  using  the  particular 
brand  of  VSAT  used  here  is  that  tho  frequency  offset 
between  transmitting  and  receiving  is  preset  at  2.3 
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GHz  and  the  transponder  has  an  allowable  arror  In  It* 
re-tran*mlt  offset  of  +2*  kHz.  The  signal  to  tha 
modem  should  ba  within  +1  btts  for  Us  bast  accuracy, 
but  no  provision  exists  for  compensating  for  any 
frequency  arror.  for  this  last,  tha  frequency  arror 
back  to  tha  modem  was  about  12  kHz  which  yialdad  an 
off-scale  condition  of  a  frequency  discriminator 
hater  located  on  tha  panal  of  tha  modem.  A 
convenient  aathod  of  rnaotaly  inciaaanting  tha  offset 
In  tha  VSAT  in  lass  than  1  kite  steps  would  ba  Ideal. 
As  It  turns  out,  two-way  title  transfers  will  usually 
occur  between  a  VSAT  and  thti  hub  earth  station,  and 
frequency  synthesisers  are  used  at  tha  hub  for 
transmit  and  receive  independently  so  all  frequency 
errors  can  t>e  compensated  ill  this  configuration. 

Tima  delay  through  tha  satellite  is  about  250  ms  in 
these  loop  tests.  Analysis  of  the  round-trip  tiM 
(phase  measurement)  was  dona  agein  using  tha  two 
sample  Allan  variance  and  Its  square-root  oy,  and 
typical  results  are  shown  in  figure  13.  These 
results  are  consistent  with  ln-cablnet  and  free- 
spaca  loop  tests  dona  on  tha  ground  equipment  and 
shown  in  figure  6.  In  addition  to  loop  lasts 
described  thus  far,  plots  ara  'Shown  in  figure  13  for 
hub  earth  station  to  SBS-3  and  SFACKNKT  11  (69  W), 
transponder  22.  Tha  stability  plots  follow 
behavior  as  expeeted  for  white  noise  except  for  the 
case  of  VSAT  and  SBS-3  with  loading.  As  described 
esrlier,  the  effect  of  satellite  loading  is  to  change 
or  “modulate1*  the  C/No  causing  a  change  in  oy 
dependent  on  when  and  how  much  loading  occurs  during 
the  data  sample. 

Two-Way  Time  Transfer  Using  A  Common 
geferenee  Standard 

In  making  estimates  of  the  time  transfer  accuracy 
using  the  two-way  technique,  signal  delays  everywhere 
in  the  link  are  of  concern.  Such  delays  com  from 
cables,  amplifiers,  fillers,  converters,  and,  of 
course,  the  transmission  link  Itself,  in  doing  a 
time  comparison  using  the  two-way  tiM  transfer 
technique,  the  absolute  values  of  the  signal  delay 
are  not  directly  Involved;  instead,  the  difference 
between  the  transmit  path  and  the  receive  path  la  the 
paraMter  of  interest  (the  differential  delay). 
Realizing  that  two  transmlt/receive  facilities  are 
needed  for  th«  transfer,  it  Is  ultimately  the 
difference  of  the  two  differential  delays  of  the 
Involved  facilities  that  Is  essential  (the  "offset  of 
the  differences").  Appendix  II  derives  this  offset 
of  the  differences  term.  The  accuracy  and  stability 
of  this  term  gives  an  upper  limit  on  the  accuracy  and 
stability  of  the  time  comparison. 

Host  measurements  of  ground  equipMnt  delays  Involve 
the  timing  of  an  injection  RF  pulse  and  the  detection 
of  the  same  pulse  at  a  point  before  the  antenna  for 
the  transmission  portion.  The  delay  measurement  for 
the  receive  portion  is  done  in  the  same  way  but  with 
the  Injection  pulse  usually  at  the  LNA  and  the 
envelope  detector  after  the  appropriate  receive  chain 
equipment.  There  are  two  common  difficulties  with 
this  approach.  The  first  is  that  the  pulse  injection 
and  detection  scheme  itself  introduces  a  measurement 
uncertainty  since  this  is  nut  the  way  the  equipment 
normally  operates.  A  more  favorable  measurement 
would  be  done  in  situ.  Second,  the  measurement  does 
not  include  the  antenna  and  its  associated  orthomode 
transducer  and  feed  system.  One  cannot  assume  that 
the  antenna's  differential  delays  are  zero. 


Figure  14  lx  a  diagram  showing  the  basic  xeh*M  in 
which  the  hub  earth  station  and  VSAT  simultaneously 
use  a  common  transponder  with  two  separata  spread 
spectrum  sequences  (near  orthogonal  (3))  timed  by  a 
common  1  pps  reference.  A  modem  is  used  at  the  hub 
and  another  is  used  at  the  VSAT  and  the  transmit 
sequence  (Tx)  Is  Indicated  as  ”0"  for  the  hub  and  "I" 
for  the  VSAT.  The  receive  sequence  (Rx)  Is  "l"  for 
the  hub  and  "0"  for  the  VSAT  so  each  earth  station 
receives  the  sequence  from  the  other  one  and  not 
Itself.  This  is  the  basic  configuration  used  between 
separate  locations  doing  a  simultaneous  two-way  tiM 
transfer.  In  the  case  here,  the  two  earth  stations 
are  colocated  with  a  common  1  pps  reference  thus 
allowing  a  direct  Maaurement  of  differential  timing 
errors.  Furthermore,  this  approach  allows  a  direct 
measureMnt  of  system  accuracy  and  stability  (1). 
Although  no  data  has  been  analyzed  at  this  lime,  the 
concept  has  been  demonstrated  using  the  hub  and  VSAT 
equipment  operating  simultaneously  through  SBS-3 
using  two  separate  spreading  sequences.  Time 
interval  counter  measurements  need  to  be  taken  and 
the  results  compared  as  described  in  Appendix  II. 
Figure  15  shows  a  Mthod  of  directly  Masuring  the 
offset  of  the  differences  with  one  tiM  Interval 
counter  (TIC)  and  hence  establishing  a  calibration 
with  the  use  of  these  earth  stations. 

Conclusions 

A  number  of  tests  have  been  performed  on  coemercially 
available  Ku-band  satellite  lalecoMunlcatlonx 
equipment  and,  In  particular,  on  a  small,  self- 
contained  earth  terminal  (VSAT),  The  VSAT  is  used  in 
conjunction  with  precise  tiM  transfers  via  satellite 
to  a  central  hub  facility  at  NB5,  Moulder,  with  the 
commensurate  differential  tiM  offset  between  VSAT 
and  hub  having  been  directly  Manured.  Tests  have 
also  been  conducted  using  a  specialized  spread 
spectrum  modem  designed  for  two-way  tiM  transfer. 
Short  term  stability  data  with  this  equipMnt  In 
three  different  loop-around  tests  (in  cabinet,  free 
space,  and  via  satellite)  have  been  perfonead  under 
various  conditions  and  various  C/No  ratios. 

Satellite  loop  tests  used  SATCOtf  K2  (81  V),  S8S  3  (95 
V),  and  SFACRNET  II  (69  W).  Loop  tests  with  the  hub 
and  with  the  VSAT  were  also  described.  Stability 
perfonaance  is  on  the  order  of  4  x  10’*®t'*  for  a 
C/N0  ratio  of  65  dB-Hz.  Long  term  stability  data  in 
a  satellite  loop  test  has  not  yet  been  obtained,  but 
(n-cabinet  and  free-space  loop  tests  of  the  ground 
equipMnt  using  a  satellite  simulator  show  that  this 
white  noise  behavior  continues  to  a  few  days  where  oy 
is  3  x  10*15.  Absolute  phase  delay  neasuraMnts  show 
reproducibility  to  better  than  1  ns  over  a  16  day 
sample  tiM.  Future  tests  will  be  done  to  gather 
long  term  stability  Masureaents  and  long  term 
reproducibility  in  loop  tests  involving  actual 
satellites. 

Tills  paper  described  a  direct  measurement  technique 
for  determining  the  differential  offset  term  for  two 
satellite  earth  stations  (one,  a  portable  VSAT)  in 
close  proximity  to  each  other  using  a  common 
satellite  and  a  common  reference  clock.  Usually,  the 
differential  offset  constant  has  been  determined  in 
satellite  time  comparisons  by  measuring  delays  of 
injected  RF  pulses,  a  method  which  has  certain 
inaccuracies.  The  method  used  here  provides  a  direct 
measurement  of  the  delay  for  two  earth  stations  under 
actual  operating  conditions.  The  direct  measurement 
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make*  lb«  (mu  assumption*  regarding  th« 
uncertainty  in  the  determination  of  the  differential 
offset  constant. 


Future  work  will  be  dlractad  toward  enalysls  of  tha 
accuracy  and  stability  of  tha  coeeion-viev/coemon- 
clock  scheme  aa  outlined  hara.  At  tha  present  lime, 
tha  plan  ia  to  incorporate  mere  extensive  instrument 
control  and  automated  data  analysis  to  facilitate 
data  reduction  and  documentation  of  results.  Tha 
ground  segment  and  satellite  loop  tests  of  frequency 
stability  point  to  an  accuracy  capability  in  the 
range  of  a  few  nanoseconds  or  batter  and  stability  of 
several  x  10*,0t*1  for  a  C IH0  ratio  of  65  dl-Hz. 
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Appendix  1 
Measurement  Methods 

Of  Interest  in  this  paper  is  a  relationship  between 
standard  frequency  stability  measurement  techniques 
and  standard  satellite,  signal-to-nolse  ratio 
parameters.  In  the  case  cf  frequency  stability  the 
measurement  performed  is  the  two-sample  Allan 
variance  of  the  phase  noise  of  the  ground  segment  in 
both  in-cablnet  and  free-space,  loop-around  schemes. 
Frequency  stability  measurements  from  one  second  to  a 
few  thousand  seconds  were  performed  for  various 
carrler-to-noise-denslty  (C lKa)  ratios. 
Carrier-to-noise  density  ratio  is  a  general  figure  of 
merit  parameter  for  a  satellite  communications  link. 
Frequency  stability  data  also  was  taken  at  one  day 
Intervals  to  look  at  long  term  stability  and  its 
agreement  with  extrapolated  short  tens  stability 
results.  The  actual  C/H0  measurement  is  made  using  a 
spectrum  analyser  sampling  the  uiwsodulated  pure  XF 
carrier  of  the  modem  compared  to  the  density  of  noise 
in  a  1  Ha  bandwidth.  The  spectrum  analyser  had  a 
minimum  resolution  bandwidth  of  10  Ht  but  the  noise 
component  was  white  and  allowed  straightforward 
calculation  to  1  Ha  bandwidth.  The  analyxer 
incorporated  a  correction  for  doing  noise  bandwidth 
measurements  at  various  analyzer  settings.  These 
corrections  were  found  to  be  accurate  to  the  rated 
specification  of  1  dl  by  scanning  the  stupe  of  the 
response  curve  and  scaling  the  bandwidth  as  high  as 
100  kHz  and  (again  assuming  white  noise)  seeing 
correct  closure  of  the  equivalent  noise  bandwidth  at 
1  Hz.  At  low  (C  4  H)/N  ratios,  it  is  difficult  to 
accurately  measure  the  signal  level  because  of  the 
presence  of  the  noise  component.  To  overcome  this 
difficulty  the  carrier  signal  was  introduced  at  a 
higher  level,  accurately  measured  by  the  analyzer, 
and  then  a  precision  attenuator  was  applied  to  only 
the  carrier  in  order  to  reduce  its  level  to  a  known 
value. 

Some  data  which  is  presented  in  the  documentation 
which  accompanies  the  modem  is  useful  for  the 
analysis  of  frequency  stability  presented  here. 


Figure  6  shows  a  plot  from  data  of  the  white  noise 
phase  Jitter  versus  carrler-to-nolse  density  ratio 
(2).  A  value  for  c*  can  be  computed  and  the  value 
for  75  dl-Hz  is  included  with  the  data.  If  we  assume 
that  modem  data  Is  the  classical  variance  about  the 
mean  of  the  phase  jitter  (ox2)  then  the  relationship 
to  the  Allan  variance  Is  (6,7) 


Appendix  II 

"Offset  of  the  Differences"  Measurement 

For  measurement  of  the  differential  delay  terms  which 
show  up  in  tlte  twj-way  transfer  scheme,  one  can  use 
the  portable  dish  in  conjunction  with  a  fixed  ground 
station.  With  a  common  clock,  one  can  calibrate  out 
these  differential  delay  terms.  This  is  shown  In  the 
following  analysis  in  which  TI(1)  and  TI(2)  are  the 
lime  interval  counter  readings  at  locations  l  and  2 
respectively  in  a  two-way  time  transfer  Involving 
locations  1  and  2. 

TlCl)  ■  AT  4-  u/c(2)  4  sat.path(2  to  1)  4  d/c(l) 

and  TI(2)  ■  -AT  4  u/c(l)  4  sat.pathO  to  2)  4  d/e(2). 

AT  is  the  time  difference  of  the  clocks  at  1  and  2, 
u/c  denotes  time  delsy  through  the  up-conversion  at 
locations  i  or  2,  and  d/c  denotes  the  down* 
conversions.  Sat. path  represents  the  total  signal 
path  delays  up  to  and  through  the  satellite  and  down 
for  signals  going  from  location  1  to  2  and  vice- 
versa.  Sat. path  Includes  any  delays  due  to  the 
earth's  rotation.  AT  can  be  calculeted  as 

AT  -  1UTI(1)-T1(2))  4  (u/c(l)-d/c(l)) 

-  ju/c(2)-d/c(2))  4  sat.pathO  to  2) 

-  sat.pathO  to  l)). 


If  we  assume  sat. path  time  delays  are  reciprocal, 
except  for  the  time  difference  term  due  to  the 
earth's  rotstion,  titan  sat.pathO  to  2)  ■  sat.pathO 
to  1)  4  AT(rotation)  and  we  have 

AT  -  i((Tl(l)-TI(2)l  4  (u/cO)-d/c(l)l 
-  [u/c(2)-d/c(2)l  +  6T(rotatlon)). 

Now  with  the  two  earth  stations  co-locsted  and  using 
a  common  clock, 6T(rotat Ion)  »  0  and  AT  ■  0  and  the 
difference  in  the  u/c's  and  d/c's  is  explicitly  the 
difference  in  the  time  interval  counters.  He  have 

TIO)-TI(I)  -  (u/c(l)-d/c(l)J  -  (u/cO)-d/c(2)l 
■  constant. 

ThU  constant  which  is  the  offset  of  me  differences 
can  be  used  for  subsequent  two-way  time  transfers 
using  the  earth  stations,  one  of  which  is  a  portable 
VSAT  which  can  be  located  with  another  earth  station 
to  yield  a  "calibration"  of  that  earth  station. 

In  doing  two-way  time  transfer  experiments  through 
geostationary  satellites,  there  exists  a  limit  on  the 
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knowledge  of  the  lime  delay  difference  between  the 
outgoing  signal  and  the  received  signal.  This  non* 
reciprocity  is  duo  to  the  difference  of  paths  and  the 
difference  of  equipment  between  the  uplink  and  the 
downlink.  Using  spread  spectrum  modulation  with 
different  pseudorandom  codes  for  the  two  directions 
of  time  transfer,  it  is  common  to  assume  the 
difference  in  the  transmission  paths  to  and  from  the 
satellite  as  well  as  through  the  satellite 
transponder  to  be  xero  and  the  earth’s  rotation 
correction  can  be  computed  (I).  Certainly  the 
Ionospheric  dispersion  and  the  effects  of  water  vapor 
dispersion  are  small  (below  100  ps)  (92.  The  most 
significant  time  delay  difference  error  enters  in  the 
ground  segment.  The  use  of  cables,  interconnects, 
conversions,  and  lest  points  for  instruments  creates 
the  most  significant  absolute  delays  and  thus  the 
opportunity  for  significant  differential  delays. 
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VSAT/Modem  Loop  Tests,  oy(T) 
of  Different  Modems 
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Fig.  9.  Day-to-day  loop-around  lime  delay  using 
VSAT  in-cablnet  and  frea-space  showing 
total  ln-cabln«i  and  free-xpace  loop- 
around  lime  daisy  reproducibility  using 
VSAT. 


Fig.  7.  Frequency  stability  measurements  of  VSAT 
equipment  In  an  In-cablnet  loop  test  and 
using  three  different  modern  for 
comparison. 


VSAT  Free- Spec#  Range  Measurements 


Fig.  8.  Three  VSAT  free-space  range  measurements 
can  be  extrapolated  to  zero  distance  to 
determine  delay  with  the  dish.  Time 
interval  counter  (TIC)  readings  are  a 
function  of  range  r.  Slope  Is  exactly 
expected  result  and  extrapolation  to  zero 
is  straightforward. 


Fig.  10a.  Block  diagram  of  principal  part  of 
satellite  loop  tests  with  hub. 

Tig.  10b.  Block  diagram  of  principal  part  of 
satellite  loop  tests  with  VSAT. 
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FI*.  11.  Spectrua  analyzer  displays  of  loop  tests 
with  hub  earth  station  and  SATCOM  K2(6B). 
Adjacent  video  signal  and  cross* 
polarisation  interference  are  easily 
identified. 


Fig.  12.  Spectrum  analyser  displays  of  loop  tests 
with  1.8  a  VSAT  and  SBS-3(7A). 


Satellite  Loop  Tests,  Various 


A  SATCOM  K2  (68)  -  Hub,  50  dB-Hz 
o  SBS-3  (7A)  -  VSAT,  60  dB-Hz 
o  SBS-3  (7A)  -  VSAT,  60  dB-Hz  (w/  loading) 
+  SBS-3  (7AJ-  Hub,  65  dB  Hz 
*  SPACENET  It  (22)  -  Hub,  60  dB-Hz 


t  -*  seconds 

Frequency  atablUty  »ea*ure»ent*  of  loop 
teat*  involving  hub  end  VSMf  with  three 
satellite*. 


Two-Way  Time  Transfer  with  a 
Common  Reference  Standard 
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Fig.  14.  Common  view/ common  clock  scheme  for 

measurement  of  ground-segment  differential 
delay  constant. 


Mg.  15.  Technique  for  direct  aeasurcoent  of  offset 
of  the  differences.  If  the  left  tlae 
Interval  counter  (TIC)  Is  aero 
(representing  Identical  on-tloc 
transnlsslon  of  1  pps  frofa  hub  and  VSAT), 
then  right  TIC  Is  exactly  the  offset  tern. 
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ABSTRACT 

The  result*  vers  recently  reported  of  an 
experiment  in  which  a  100-MH*  reference  frequency 
wag  transmitted  over  a  14-km  long  fiber-optic  link. 

A  differential  stability  of  1.5  X  lO"1*  for  1000 
seconds  averaging  times  was  measured  for  this  link. 
However,  there  were  several  factors  that  limited  the 
stability  of  the  link.  A  phase  change  due  to 
bending  the  cable  resulted  in  a  sensitivity  to 
microphonics  and  a  degradation  to  the  Allan 
variance.  Also,  variations  of  phase  delay  due  to 
temperature  changes  caused  degradation  of  the  Allan 
variance  as  well. 

This  paper  considers  fundamental  and  practical 
stability  limits  on  reference  frequency  distribution 
over  fiber-optic  links.  It  also  reports  on  recent 
progress  in  reducing  the  sources  of  Instability, 
including  the  use  of  optical  isolators  to  greatly 
reduce  sensitivity  to  cable  bending. 

X.  INTRODUCTION 

Modern  frequency  standards,  such  as  hydrogen 
masers  and  .mercury  ion  standards,  generate  reference 
frequencies  that  are  very  stable,  better  than 
1  X  10-15  for  1000  second*  averaging  times.1  The 
distribution  of  these  signals  to  remote  user*  without 
significantly  degrading  their  stability  has  become  a 
difficult  technical  challenge. 

The  ability  to  distribute  precise  reference 
frequencies  over  distances  of  tens  of  kilometers 
will  result  in  considerable  cost  savings  and 
improved  reliability  in  the  NASA/JPL  Deep  Space 
Network  (DSN).  To  this  end,  fiber-optic  reference 
frequency  distribution  system  development  is.  on 
ongoing  task  at  JPL.  The  goal  Is  to  achieve  a 
transmission  stability  of  1  X  1Q“1?  for  1000 
seconds  averaging  Interval  over  a  distance  of  22 
kilometers. 

A  transmission  system  degrades  the  frequency 
stability  of  a  signal  by  adding  frequency  variations' 
to  the  tignai  and  degrading  its  nignal-td-noite 
(S/N)  ratio. 

The  transmission  mediomis  an  important  ele.aent 
at  a  transmission  r-yttem.  The  medium's  loss,  delay 
stability,  bandwidth,  susceptibility  to  interference 
from  outside  sources,  reliability,  and  cost  are  nil 
important  considerations  in  the  design  of  precise 
frequency  distribution  syStfeas. 

As  a  result  of  studies  and  numerous  experiments 
made  at  JPl.,2-5  it  has  been  concluded  that  optical 
fiber  is. the  most  promising  medium  that  can  be  used 
to  distribute  precise  reference  frequencies. 

II.  I  FREQUENCY  STABILITY 

The  accepted  measure  of  frequency  stability  is 
the  Allan  variance,®  which  can  be  given  by 


SAf/f(2,;,t)  *  "  (r 


where  fi  -  f(i-l)  l*  individual  successive  measure¬ 
ments  of  the  frequency  boing  measured,  N  is  the 
number  of  measurements,  fg  is  the  nominal  mean 
frequency,  T  is  the  time  between  measurements,  and 
t  is  the  averaging  lime  of  each  frequency  measure¬ 
ment.  The  measurement  of  Allan  variance  is  dependent 
on  the  averaging  time  of  each  frequency  measurement. 
This  Implies  that  the  noise-causing  instabilities 
have  components  of  many  frequencies.  Therefore,  the 
averaging  lime  mist  be  specified. 

Ill,  FREQUENCY  STABILITY  DEGRADATION 

As  mentioned  earlier,  frequency  distribution 
aystema  degrade  the  frequency  stability  of  signals 
that  are  transmitted  through  them.  Basically,  thete 
are  two  mechanism*  responsible  for  this  degradation, 
frequency  variatlona  that  rtaull  from  group  delay 
changes  in  the  signal  path  and  a  decrease  in  S/N 
ratio. 

Frequency  variations  generated  by  group  delay 
changes  in  the  signal  path  can  be  a  result  of  a 
Changing  environment  around  the  signal  path,  such  os 
changes  in  temperature  or  pressure,  or  they  can 
result  from  changes  in  the  material  that  makes  up 
the  transmission  medium  itself. 

If  the  group  delay  through  a  signal  path 
changes  when  a  signal  Is  transmitted  through  it,  the 
frequency  of  the  signal  at  the  receiver  is  offset 
relative  to  the  frequency  of  the  signal  at  the 
transmitter  by 


where  tj\  is  the  offset  frequency  nt  the  receiver, 
fg  is  the  in’>ut  frequency  at  the  transmitter,  dD/dt 
If  the  rate  of  change  of  group  delay  through  a 
transmission  medium  with  respect  to  time,  D  is  the 
delay  thredgh  the  transmission  medium  in  seconds, 
and  t  is  the  time  in  seconds. 

A  constant  rate  of  change  of  group  delay 
through  a  signal  path  adds  a  constant  frequency 
offset  to  a  signal  passing  through  it.  rn  this 
case,  the  frequency  stability  of  the  transmitted 
signal  is  not  degraded  relative  to  the  frequency 
stability  of  the  reference  signal.  However,  if  the 
rate'  of  change  of  group  delay  through  the  signal 
path  ie  nor  constant,  which  is  usually  the  case,  the 
frequency  of  the  'transmitted  signal  varies  with  the 
rate  of  change  of  group  delay.  This  variation  in 
frequency  is  given  by 


d£fi  d‘D 
dt  dt2 
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These  frequency  variations  represent  a  degradation 
In  frequency  stability  of  the  transmitted  signal 
relative  to  the  frequency  stability  of  the  reference 
signal. 

One  of  the  desirable  features  of  most  trans¬ 
mission  systems  is  the  ability  to  transmit  a  signal 
with  minimal  degradation  to  the  S/N  ratio.  This  is 
particularly  true  for  transmission  systems  designed 
to  transmit  precise  reference  frequencies.  Frequency 
stability  can  be  directly  related  to  S/N  ratio.  For 
white  phase  noise  this  relationship  is  given  by? 

0.276  JsTJu 

0(0  -  (A) 

l0  x 

where  x  is  the  averaging  time,  S4  is  the  spectral 
density  of  phase  noise,  f^  is  the  cutoff  frequency 
of  the  measurement  equipment,  and  f<)  is  the  mean 
frequency  being  measured. 

Reduction  of  the  S/N  ratio  in  a  transmission 
system  can  occur  because  of  poor  system  decign  such 
as  incorrect  gain  distribution  In  the  system. 

Excess  signal  loss  in  the  signal  path,  poor  circuit 
design,  or  faulty  circuitry  can  also  contribute  to 
degradation  of  the  S/S  ratio. 


signal  is  transmitted  back  to  the  reference  end  of 
the  signal  path  to  be  used  to  determine  the  phase  at 
the  remote  end  of  the  signal  path. 

One  type  of  system^  uses  a  variable  delay 
device  in  series  with  the  signal  path.  The  delay  of 
this  device  is  controlled  by  an  electronic  feedback 
circuit  so  that  it  virtually  cancels  any  group  delay 
change  in  the  signal  path.  If  the  group  delay  in 
the  signal  path  changes,  the  delay  in  the  variable 
delay  device  is  forced  to  change  by  the  same 
magnitude  In  the  opposite  direction.  The  net  change 
in  delay  is  near  aero. 

The  second  type  of  system  adjusts  the  phase  of 
the  transmitted  signal  in  such  a  way  that  group 
delay  changes  in  the  signal  path  have  no  effect  on 
the  frequency  stability  of  the  received  signal. 

Figure  l(a)-(c)  Is  used  to  explain  the 
operation  of  this  type  of  system.  In  Figure  1(a),  a 
signal  is  transmitted  through  a  transmission  line 
with  a  length  of  2  D.  The  input  phase  of  the  signal 
is  61  and  the  phase  of  the  output  signal  is 
02*  The  phase  of  the  signal  at  the  midpoint  is 

e,  -e. 

°» "  9i  *  -~r~  •  (5> 


IV.  KE0UCT1QN  OF  THE  EFFECT  OF  CROUP  DELAY  CHANCES 

Three  methods  can  be  used  to  reduce  frequency 
stability  degradation  of  a  signal  as  a  result  of 
group  delay  changes  in  the  signal  path.  The 
sMgnltude  of  the  group  delay  changes  can  be  reduced, 
the  rate  of  change  of  group  delay  can  be  slowed 
down,  and  an  electronic  feedback  system  can  be  used 
to  reduce  the  effect  of  group  delay  changes. 


The  phase  at  the  midpoint  can  be  determined  if  the 
phase  at  the  output  of  the  transmission  path  is 
known  relative  to  the  input  signal.  However,  the 
output  end  of  the  transmission  line  may  be  a  long 
distance  away.  In  that  case,  the  phase  of  the 
output  signal  cannot  be  measured  relative  to  the 
input  signal.  To  circumvent  this  problem,  the 
transmission  line  may  be  cut  in  the  middle  and 


The  first  method  can  be  Implemented  by  actively 
or  passively  controlling  the  environment  around  the 
transmission  medium  and  other  system  components. 
However,  there  are  practical  limits  to  the  extent 
thst  the  environment  may  be  controlled.  For 
instance,  the  transmission  medium  may  be  spread  out 
over  a  great  distance,  making  it  impractical  to 
actively  control  the  environment  around  it.  In  thla 
case,  the  only  practical  means  of  protecting  the 
transmission  medium  from  environmental  changes  may 
be  insulation.  Usually  there  is  a  practical  limit 
on  the  amount  of  material  that  can  be  used  for  this 
purpose. 

Earth  Is  an  excellent  material  to  use  for 
insulation.  It  is  a  good  thermal  insulator  and  can 
provide  a  lot  of  mass  at  low  cost.  Since  temperature 
changes  are  usually  the  greatest  contributor  to 
group  delay  variation  in  a  transmission  medium,  the 
rate  of  change  in  group  delay  can  be  reduced 
substantially  by  adding  mass.  A  combination  of  mass 
and  insulation  can  be  very  effective  in  reducing 
temperature  effects  on  group  del^y. 

At  the  frequency  stability  levels  required  in 
the  DSN,  on  the  order  of  a  part  in  101?,  It  is  not 
sufficient  to  use  only  the  first  two  methods. 
Electronic  systems  are  being  developed  to  further 
reduce  the  effect  of  group  delay  changes  in  the 
transmission  medium. 

Two  types  of  electronic  systems  are  used  to 
reduce  the  effect  of  group  delay  changes  on  a 
transmitted  signal.  In  both  systems  the  transmitted 
frequency  is  separated  into  two  signals  at  the 
remote  end  of  the  signal  path.  One  of  the  signals 
is  used  as  a  remote  frequency  reference.  The  other 


(0 

Figure  1  -  Evolution  of  a  bidirectional  method  to 
determine  phase  at  the  fir  end  of  a 
signal  path. 
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folded  back  on  itself,  as  shown  in  figure  1(b).  The 
input  and  output  signal*  are  then  at  the  same 
location.  Now  the  phase  of  the  output  signal  can 
easily  be  measured  relative  to  the  input  signal 
phase,  and  the  phase  at  the  midpoint  (remote  end)  of 
the  folded  transmission  line  can  be  determined. 

There  is  a  problem  with  this  configuration,  in 
a  real  system,  the  group  delays  in  the  two  sections 
of  transmission  line  will  not  change  equally  when 
subjected  to  environmental  changes.  One 
transmission  line  will  become  longer  or  shorter  than 
the  other  transmission  line,  fly  referring  to 
figure  1(b),  one  can  see  that  the  phase  at  the 
midpoint  will  be 


«.  ■  9i  '  <9!  -  V  o^hy  <‘> 

The  phase  of  the  signal  at  the  midpoint  cannot  now 
be  determined  unieas  the  delay  is  known  in  both  the 
forward  and  return  paths,  D|  and  D*,  respectively. 

In  order  to  guarantee  that  the  signal  paths  are 
equal  in  each  direction,  the  signal  mist  be  trans¬ 
mitted  through  the  same  transmission  line  in  both 
directions,  as  shown  in  figure  1(c).  Tills  puts  the 
additional  requirement  on  the  system  that  high  isola¬ 
tion  be  maintained  between  the  signals  transmitted 
in  opposite  directions.  Cross  talk  between  the  input 
and  return  signals  will  change  the  apparent  phase  of 
the  return  signal.  Tills  will  result  in  an  error  in 
the  phase  measurement  at  the  remote  end  of  the  signal 
path.  The  magnitude  of  this  phase  error  is  found  by 
adding  the  vectors  of  the  cross  talk  and  the  output 
signal  and  is 


a  «  arc  tan 


. Esin  0 

A  4  B  cos  0 


(7) 


signals,  the  plicae  of  the  remote  signal  is  the  same 
as  the  phase  of  the  reference  signal,  G(j.  This 
conjugate  phase  relationship  is  not  required  to 
maintain  the  frequency  stability  of  the  transmitted 
signal,  it  is  only  required.  In  this  system,  that 
the  phase  relationship  between  the  Input  and  return 
signals  be  fixed. 


The  portion  of  the  signal  path  in  the  input  and 
remote  terminals  of  a  constant  phase  relationship 
system  is  outside  of  the  two-way  signal  path  through 
the  transmission  medium.  The  terminal  delay*  may  he 
such  that  the  two-way  signal  paths  are  not  exactly 
the  same.  The  results  of  this  situation  can  be 
analysed  by  assigning  different  delays,  and 
t>2«  to  the  forward  and  reverse  signal  paths  in 
figure  2  and  applying  them  to  (8)  to  obtain 


6m  "  (e0  -  ®j)  ♦ 


20lDt 

cut  ♦  D,r 
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from  equation  (8)  it  can  be  seen  that  0m  is  no 
longer  equal  to  6q.  However,  0m  is  still 
not  affected  by  changes  in  group  delay  through  the 
signal  path  as  long  as  the  forward  and  reverse 
signal  paths  change  proportionately. 


This  can  be  analysed  by  adding  proportional 
delaya  to  both  the  forward  and  reverse  signal 
paths.  Adding  delays  KDj  and  KDj  to  (9)  gives 


20 j  (Oj  4-  KO,) 


Sm  “  <0O  "  V  *  (Dt  ♦  KDj  )~4  (D,  4~KD,)’ 


(10) 


This  reduces  to  the  original  equality  in  (9).  Thus 
there  is  no  phase  variation  at  the  remote  end  of  the 
signal  path  due  to  changes  in  the  group  delay 
through  the  signal  path. 


where  A  is  the  magnitude  of  the  return  signal,  B  Is 
the  magnitude  of  the  cross  talk,  and  0  is  the  phase 
angle  of  the  cross  talk  relative  to  the  phase  of  the 
return  signal. 


So  far  It  has  been  shown  that  the  phase  of  a 
signal  at  the  remote  end  of  a  signal  path  can  be 
determined.  However,  It  is  not  only  required  that 
the  phase  be  determined,  but  also  that  it  be  held 
constant  so  that  no  frequency  offset  will  he  gener¬ 
ated.  This  is  accomplished  as  shown  in  figure  2. 

The  input  signal  phase  Is  constantly  adjusted  so  that 
a  fixed  relationship  exists  between  the  phases  of 
the  input  and  return  slgnnls  relative  to  a  reference 
phase,  do* 


A  conjugate  phase  relationship  is  used  in  this 
example,  which  gives  the  result 


■-ce0  -  et)  + 


(e0  *  °l)  “  (e0  ~  V 


«  ©„.  (8) 


This  result  shows  that  when  a  conjugate  phase  rela¬ 
tionship  is  maintained  between  the  input  and  return 


Figure  2  -  Depiction  of  the  conjugation  method  to 

maintain  constant  phase  at  the  far  end  of 
a  signal  path. 


However,  If  the  group  delay  through  the  signal 
path  changes  disproportionately  in  one  direction, 
the  phase  of  the  signal  at  the  remote  end  of  the 
signal  path  will  also  change.  This  can  be  shown  by 
adding  a  delay,  D[,  to  the  forward  signal  path 
only  in  (9)  to  get 


®m  "  <*0  -  V  + 
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from  this  it  can  be  seen  that  if  the  group  delay 
changes  in  one  direction,  as  does  Dj  in  (11),  then 
the  phase  of  the  output  signal  also  changes.  This 
creates  an  offset  frequency. 


The  precise  frequency  distribution  system  being 
developed  at  JPL  uses  a  fixed  conjugate  relationship 
between  the  input  signal  and  the  return  signal  at 
the  reference  end  of  the  signal  path.  An  electronic 
negative-feedback  system  maintains  this  conjugate 
relationship.  A  simplified  block  diagram  of  this 
system  is  shown  in  Figure  3. 


The  input  reference  signal  of  the  phase 
conjugation  system  is  split  by  an  RF  power 
splitter.  One  signal  drives  the  L  port  of  a  phase 
detector,  and  the  other  signal  drives  the  R  port  of 
another  phase  detector.  Each  of  the  I  ports  of  the 
two  phase  detectors  is  connected  to  one  of  the 
inputs  to  a  low  noise  differential  amplifier 
(op-amp). 
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Figure  3  -  Slock  diagram  of  a  system  to  maintain 
phase  conjugation  between  a  transmitted 
signal  and  a  return  signal. 


The  output  of  the  amplifier  is  xero  only  when 
the  remaining  X  and  L  ports  are  driven  by  an  input 
signal  and  a  return  signal  that  are  conjugate  to  one 
another  around  the  phase  of  the  reference  signal. 

Any  error  signal  at  the  output  of  the  differential 
amplifier  will  drive  the  phase  of  the  signal  at  the 
output  of  the  VCO  until  a  conjugate  relationship  is 
reached.  At  this  point,  the  feedback  loop  will 
maintain  the  conjugate  relationship  between  the  two 
signals. 

TVo  methods  that  can  be  used  to  transmit 
precise  reference  frequencies  have  been  discussed. 
Roth  methods  depend  on  proportional  change  in  group 
delay  In  both  directions  through  the  signal  path  and 
on  the  ability  to  transmit  signals  in  both 
directions  in  the  same  signal  path  with  high 
isolation  between  them.  How  well  these  criteria  can 
be  met  is  largely  dependent  on  the  transmission 
medium  used. 

V.  OPTICAL  FIBERS 

There  are  two  general  classifications  of 
optical  fibers,  multimode  and  single-mode. 

Multimode  fiber  supports  the  propagation  of  many 
modes.  It  is  available  with  bandwidlhs  as  high  as 
1  CHz*km  and  loss  as  low  ax  0.5  dB/km  at  1300  nm 
wavelength. 

The  delay  through  multimode  fiber  is  dependent 
on  the  average  velocity  of  all  of  the  modes  being 
propagated  through  it.  The  number  of  modes  and  the 
mode  mix  can  vary  depending  on  the  source  and 
conditions.  Tills  makes  the  group  delay  through 
multimode  fiber  susceptible  to  differences  for 
signals  propagating  in  opposite  directions.  This 
effect  can  be  minimized  by  filling  all  of  the  modes 
in  the  fiber.  This  can  be  done  by  using  an  LED 
light  source  and  the  right  launch  conditions. 
However,  it  is  difficult  to  assure  this  condition. 

A  form  of  noise  called  modal  noise  is  also 
characteristic  of  multimode  fiber.  It  is  caused  by 


changas  in  the  mode  mix  resulting  from  modulation  of 
the  light  source  and  movement  of  the  cable  or 
connectors. 

Although  multimode  fiber  can  be  and  has  been 
used  to  transmit  precise  reference  frequencies,  it 
Is  not  the  best  choice.  When  it  is  used  in  this 
application,  an  LED  source  should  be  used  and  the 
cable  should  be  protected  from  movement. 

Single-mode  fiber  of  the  type  most  commonly 
used  today  propagates  only  the  lowest  order  bound 
mode,  which  consists  of  a  pair  of  orthogonally 
polarixcd  fields.  Special  fiber  that  propagates 
only  one  polarixation  is  available,  but  it  is  a 
relatively  new  development  and  it  quite  expensive  at 
this  time. 

Because  it  propagates  only  one  mode, 
single-mode  fiber  is  less  susceptible  to  different 
delays  for  signals  propagating  in  opposite 
directions.  However,  this  condition  can  still  occur 
under  some  circumstances  because  the  two 
orthogonally  polarised  fields  associated  with  the 
optical  mode  propagate  at  different  velocities. 

The  loss  in  single-mode  fiber  is  less  than 
0.5  dB/km  at  1300  nm  wavelength,  and  the  bandwidth 
at  this  wavelength  can  be  greater  than  100  GHx*km. 

Single-mode  fiber  designed  to  operate  at 
1300  nm  wavelength  is  on  excellent  medium  for  the 
transmission  of  precise  reference  frequencies  and  ix 
used  at  JPL  for  this  purpose.  A  wavelength  of 
1300  nm  is  used  because  the  bandwidth  and  loss  of 
optical  fiber  designed  for  use  at  this  wavelength 
are  adequate,  the  technology  is  mature,  and  the 
components  are  readily  available. 

VI.  FIBER-OPTIC  REFERENCE  FREQUENCT 
DISTK IBUTION  SYSTEM 


A  block  diagram  of  a  single-mode  fiber-optic 
reference  frequency  distribution  system  being 
developed  at  JPL  is  shown  in  Figure  A.  The  system 
uses  a  1300  nm  single-mode  optical  fiber  with  an 
optical  directional  coupler  at  each  end  to  provide  a 
means  to  send  signals  both  ways  through  the  fiber. 

An  optical  transmitter  and  receiver  pair  are 
attached  to  the  two  fibers.  The  optical 
transmitters  are  comercinl  units  that  emit  a 
1300  nm  optical  carrier  that  is  directly  amplitude 
modulated.  The  3  dB  bandwidth  of  the  modulation 
frequency  response  is  3  CHz.  A  high  isolation 
fiber-optic  isolator  is  in  series  with  each  optical 
transmitter  to  isolnlc  it  from  reflections  on  the 
optical  fiber.  These  fiber-optic  Isolators  were 
recently  developed  at  JPL.9  They  provide  greater 


Figure  U  -  Block  diagram  of  fiber-optic  reference  frequency  transmission  system. 
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than  70  dl  isolation  and  have  a  forward  Ion*  of  only 
2.6  d». 

Without  these  isolators,  phase  instabilities  In 
the  IF  Modulation  frequency  are  generated  in  the 
laaer  diode*.  This  ln«tablliiy  It  a  retult  of 
change*  In  the  amplitude  of  extraneous  Modulated 
light  entering  the  later  diode. The  tourcet  of 
thia  extraneous  light  are  the  return  signal  and 
reflections  on  the  optical  fiber.  The  changes  In 
SMplitude  are  caused  by  Moving  or  bending  the 
optical  fiber.  The  result  of  this  effect  it  a 
pronounced  sensitivity  to  Mlcrophontcs  if  tsctaiors 
are  not  used. 

The  optical  receivers  consist  of  commercial  PIN 
photodiode  detectors  followed  by  wideband,  low  noise 
aMpliflera.  The  receivers  have  a  3  d>  bandwidth  of 
3  CM a  and,  like  Many  wideband  devices,  have  a  **all 
t tape nature  coefficient  of  delay. 

A  phase  conjugation  circuit  like  the  one 
previously  described  establishes  and  Maintains  a 
conjugate  relationship  between  the  transmitted  and 
return  signals. 

Phase  locked  loops  are  used  for  two  purposes, 
to  provide  a  constant  amplitude  HP  signal  to  the 
modulation  Input  of  the  laser  transmitters  and  to 
Improve  the  short-term  phase  noise  at  the  remote  end 
of  the  transmission  system. 

A  phase  locked  clean-up  loop  is  needed  at  the 
output  of  the  frequency  distribution  systCM  to 
eliminate  the  wideband  noise  from  the  fiber-optic 
system.  This  clean-up  loop  must  use  an  oscillator 
that  is  as  good  as  that  used  In  the  frequency 
atsndard  If  the  frequency  stability  of  the 
transmitted  signal  It  to  be  comparable  to  the 
frequency  stability  of  tht  standard. 


vn.  THEORETICAL  AXP  PRACTICAL  LIMITS 

The  short-term  Allan  variance  Is  largely 
dependent  on  the  S/N  ratio  of  the  transmitted  signal 
and  for  white  noise  has  the  relationship  given  in 
(4). 7  Typical  analog  fiber-optic  systems  In  use 
todsy  have  a  S/N  ratio  of  120  to  130  dS/Hz11"12 
for  transmission  distances  less  than  30  km.  For 
these  distances,  the  S/N  ratio  is  determined 
primarily  by  the  laser  noise.  The  phase  noise  of 
several  laser  diodes  has  been  measured  at  JPk  and, 
for  offset  frequencies  from  l  Hz  to  10  kHz  from  the 
carrier,  was  in  agreement  with  the  manufacturer's 
reported  value. 

The  Allan  variance  corresponding  to  the  S/N 
ratio  of  today's  laser  diodes  and  laser  diodes  under 
development  is  shown  in  Figure  5.  The  frequency 
stability  limit  due  to  S/N  ratio  can  be  lowered  by 
raising  the  frequency  since  the  stability  as  given 
In  (4)  is  Inversely  proportional  to  frequency.  For 
this  reason,  JPL  is  planning  to  develop  l  GHz 
systems  in  the  future. 

Much  of  the  short-term  noise  in  the  present 
system  results  from  microphonlcs.  As  stated 
earlier,  the  sensitivity  to  microphonics  should  be 
reduced  considerably  with  optical  isolators. 

Long-term  instabilities  due  to  changes  in  the 
group  delay  through  the  signal  path  can  be  reduced 
by  electronic  feedback  circuits.  These  circuits  are 
subject  to  errors  that  result  from  nonreciprocal 
changes  in  delay  in  the  optical  fiber  or  terminal 
equipment.  They  are  also  subject  to  drift  or  noise 


Figure  5  -  Frequency  stability  limit*  imposed  by  the 
S/N  ratio  of  present  and  future  laser 
diodes. 


in  the  error  detection  circuitry.  Fundamental 
limits  due  to  these  effects  are  not  yet  fully 
understood.  It  seem*  likely  that  the  stability  of  a 
transmission  system  could  approach  the  best 
stability  that  can  be  measured,  at  least  until  the 
S/N  ratio  limit  is  reached. 

XLLLw5!*™5  QF_F  I  HFJUOpT  1  C_F>  F-OV  f-NGY 
TRANSMISSION  Pf.VEt.OPMf.NT 

A  stability  of  1.5  X  10“**  for  1000  seconds 
averaging  interval  for  a  14-km  long  fiber-optic 
frequency  transmission  system  was  reported  In 
December  of  1986. 12  This  system  was  unstahilised; 
in  other  words,  no  electronic  feedback  system  was 
used.  The  stability  data  for  this  link  is  shown  in 
Figure  6. 

Tltit  system  was  very  sensitive  to  microphonlcs 
as  a  result  of  light  reflected  back  into  the  laser 
from  the  optical  fiber.  The  previously  described 
optical  isolator  w**  developed  >o  reduce  this  effect. 

Tests  using  the  optical  isolator  are  in 
progress.  However,  the  optical  fiber  pigtail 
between  the  laser  and  the  isolator  is  still  subject 
to  microphonlcs.  A  new  isolated  laser  package  that 
should  eliminate  this  problem  is  being  developed. 

An  electronic  stabilizer  is  also  under 
development.  Several  prototype  versions  have  been 
tested  and  several  needed  Improvements  have  been 


10 

5 

£  10’ 
XA 


-12, 


13 


<  Uf14! 

oz 

< 

3  10'151 


10 


-16L 


10u 


14-km  R0UUDTR1P  LINK 
10-m  LINK 
H-MASLR 


101  102  103  104 
AVERAGING  TIME  (TAU),  sec 


10' 


10 


Figure  6 


Allan  variance  vs.  averaging  time  for  the 
14-km  link,  10-m  link,  and  hydrogen  maser. 
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identified.  These  improvements  are  currently  being 
Implemented  and  teat  results  will  be  reported  aeon. 

IX.  ftfflttE  PRVUflmXT 

teat*  will  be  perforated  on  a  fiber-optic 
tr«n*«U*lon  system  consisting  of  an  optical 
transmitter,  an  optical  isolator,  a  cable,  and  a 
receiver,  to  determine 

*  the  sensitivity  of  system  component*  to 
temperature  variation*, 

*  phase  change  v*  bending  of  the  cable, 

*  sensitivity  to  microphonics, 

*  the  extent  of  nonreeiprocity  of  delay  in  the 
fiber, 

*  the  magnitude  of  phase  noise  and  the  Allan 
variance. 

The  knowledge  gained  from  these  test*  will  be  used 
to  improve  the  existing  system  performance  and  to 
design  a  short-d istance  frequency  distribution 
system. 

the  primary  reference  frequency  to  be  used  in 
the  DSN'  will  be  raised  from  100  MMx  to  l  GHx,  and  a 
fiber-optic  frequency  transmission  system  will  be 
designed  for  this  frequency. 

_X.  CONCLUSION 

Frequency  references  generated  with  today's 
frequency  standards  can  be  distributed  over  tens  of 
kilometer*  distance*  with  fiber-optic  systems  with 
little  degradation  to  the  frequency  stability  of  the 
signal. 

Frequency  standards  could  be  Improved 
considerably  In  the  future,  and  reference  frequency 
transmission  systems  will  be  challenged  to 
distribute  the  reference  frequencies  they  generate. 

Seme  fundamental  and  practical  limit*  on  the 
stability  of  fiber-optic  reference  transmission 
systems  are  not  yet  fully  established,  but  work  is 
being  performed  to  determine  the  limits. 
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UMHAQY 

trieeiredlffusion  or  sweeping  is  a  nign  temoeraturr 
process  which  selectively  exchanges  monovalent  lens  in 
dUihg- quarts.  Sweeping  Is  commercially  employee  to 
replace  the  alkalis  present  in  as-grown  qusrt;  with 
hytjre.jcn,  Clcctrodlf fusion  has  Been  shown  to  Improve 
the  radiation  hardness  of  quart;  oscillator  crystals 
and  to  significantly  lower  the  oreuueticn  of  etch 
tunnels.  The  first  effect  Is  Important  In  critical 
aerospace  and  defense  applications,  wmic  the  second 
directly  lopacts  the  production  of  devices  by  photo¬ 
lithographic  techniques  and  of  very  high  frequency  bulk 
wave  Quarts  oscillator  crystals. 

Sweeping  affects  two  types  of  defects*  point 
defects  such  as  -.he  suostltutlon.il  aluminum  with  It’s 
associated  intersitiai  alkali  and  the  extended  disloca¬ 
tion  networks  with  their  precipitated  Impurities  that 
farm  the  etch  tunnels.  The  process  associated  with  the 
point  defects  Is,  at  least,  qualitatively  unoer stood. 
At  high  te«pera*ur«s,  the  Interstitials  arc  thermally 
liberated  from  their  trapping  sites  and  can  tnon 
migrate  along  the  relatively  eoen  2-awls  channels. 
Therefore.  If  the  sample  is  heated  with  an  electric 
fide  applied  along  the  2*asls,  these  mtcraitials  can 
be  swept  out  at  me  negative  electrode  provided 
replacement  lens  are  brought  in  at  the  positive 
electrode,  in  me  ecamerria'  process,  the  replacement 
Inns  arc  protons  from  the  water  vapor  In  the 
Surrounding  air  atmosphere.  Ihus.  the  alunlnum-alkai I 
centers  are  converted  into  AI-CH  centers.  The  precipi¬ 
tates  In  the  dislocation  networks  are  prooably  modified 
so  that  they  are  less  reactive  to  the  NH4hf2  or  nr 
etchants. 

Sweeping  Is  usually  carried  out  on  a  fully 
lumbered  bar  such  as  the  7«bar*  used  for  AT-cut 
crystals.  Lvaporated  or  sputtered  metal  film 
electrodes  are  appl  led  to  the  2-faces.  The  eleetroded 
bar  Is  placed  In  the  Furnace  and  then  slowly  brought  up 
to  the  desired  temperature.  The  electric  field  can  be 
first  applied  at  the  operating  temperature  (usually 
near  500®Cl  or  at  room  temperature.  The  field  Is 
established  such  that  the  negative  electrode  Is  the 
seea-slac  of  the  bar:  therefore,  tne  Impurities  are 
swept  back  toward  the  seed.  If  the  field  Is  first 
applied  at  the  operating  temperature  a  lorge  Initial 
current  Is  observed:  this  current  then  slowly  decoys 
until  It  reaches  a  steady  value  which  Is  caused  by  the 
movement  of  protons  through  the  sample.  If  instead,  the 
field  Is  applied  at  room  temperature:  a  peak  or  plateau 
In  the  sample  current  Is  observed  near  25Q-300°C.  This 
peak  probably  has  the  same  origin  os  the  large  Initial 
current  which  Is  observed  when  the  field  Is  applied  at 
high  temperatures.  Once  the  current  becomes  steady, 
the  sweeping  Is  thought  to  be  complete.  The  ba"  Is  then 
slowly  returned  to  room  temperature  with  the  field 
still  on.  An  effective  OC  Ionic  conductivity  can  be 
measured  during  this  cool  down  part  of  the  cycle. 
Plots  of  the  product  of  this  conductivity  times  the 
obsolete  temperature  versus  the  reclproca'  temperature 
show  that  the  process  Is  thermally  activated  with  acti¬ 
vation  energies  of  1.5  to  2  eV. 

A  number  of  tests  are  available  for  the 
determination  of  the  completeness  of  the  -  weeping  run. 
For  example,  the  observation  of  a  steady  current 
towards  the  end  of  the  run  Is  usually  assumed  to  Indi¬ 


cate  «ha*  the  sweep  if  successful,  if  the  run  is 
repeated  with  the  electric  field  applied  at  room 
temperature  the  current  peak  or  plateau  near  J50eC  will 
be  missing.  Doth  of  the  above  tests  arc  very 
qualitative.  A  reliable  test  for  the  completeness  of 
the  conversion  of  slumlnum-alkal  I  centers  Into  Ai-OH 
centers  can  be  performed  by  comparing  the 
concentration  of  Al-hole  centers  after  an  Initial 
Irradiation  at  77  K  with  the  concentration  found  after 
subsequent  Irradiations  at  300  K  and  then  at  H  K.  If 
tne  initial  and  final  concentrations  are  the  same  then 
the  conversion  was  complete.  This  test  Is  made  on 
small  samples  removed  from  the  bar.  The  pretence  of  the 
A I -Oil  center  con  be  determined  by  <ow  temperature 
Infrared  absorption  measurements.  High  temperature 
tJGO-AOO^CJ  measurements  of  the  equivalent  scries 
resistance  of  a  finished  crystal  can  also  be  used  to 
determine  if  the  material  ha*  been  well  swept.  The 
alkali  Ions  present  In  unswept  Quarts  cause  a  large 
exponentially  increasing  acoustic  loss  or  resistance  at 
higher  temperatures.  5lnce  sweeping  removes  ines* 
alkalis,  swept  crystals  will  show  only  small  Increases 
In  resistant*.  All  of  »»>e  aeevo  tests  deal  onlyw<t>* 
the  Point  defers  In  the  crystal.  At  the  present  Men 

ns  r esr  ,;.th*r  than  direct  erthing  I-,  aval 1  at'e  »<>  trtt 
sweeping  effect  Ivwrs:  c.n  the  et.-s  pipe  .j-.ee>-*. 

IHHMUV  TUW 

I  lectrudiffuMon  or  sweeping  Is  a  high  temperature 
process  whlcn  selectively  exchanges  monovalent  lent  in 
alpha  quart;.  At  the  present  time,  sweeping  l», 
commercially  employed  to  replace  the  alkalis  present  in 
as-grown  quart;  with  hydrogen.  Sweeping  affects  rwp 
types  of  defects*  point  defects  such  as  the 
substitutional  aluminum  with  Us  associated 
Interstitial  alkali  and  tne  extended  dislocation 
networks  with  tnelr  precipitated  Impurities  that  form 
tnc  ctcn  rhannels.  The  replacement  of  the  alkali 
associated  with  the  aluminum  by  hydrogen  gives  rise  to 
the  improved  radiation  hardness  of  swept  osc motor 
crystals.  Sweeping  also  alters  the  extended 
dislocation  networks  so  that  the  production  of  etch 
channels  *s  greatly  reduced.  The  first  effect  Is 
Important  in  critical  aerospace  and  defense  appl  (ra¬ 
tions  while  the  second  directly  Impacts  the  production 
of  quart;  devices  by  decp-eteh-processlng,  Verhoegenl 
In  his  study  of  Ionic  diffusion  In  natural  quart; 
apparently  carried  out  the  first  deliberate  alkali 
sweeping  experiments.  King2  was  the  first  to  apply  a 
sweeping  process  to  quart:  later  used  for  resonator 
studies.  By  carrying  out  the  process  In  a  vacuum,  he 
introduced  color  centers  Into  the  natural  quart;  bar 
which  caused  low  temperature  acoustic  loss  peaks  in 
resonators  made  from  the  bar.  Kats3.  In  his  extensive 
Infrared  study  of  natural  and  cultured  quart;, 
demonstrated  the  sweeping  of  specific  alkalis  and 
protons  Into  and  out  of  quart;.  Fraser4  described  the 
basic  process  for  sweeping  specific  alkalis  and  clearly 
demonstrated  that  the  53  K  acoustic  loss  peak  Is  caused 
by  the  AS-Na  center.  Kreft5  showed  that  holes  could  be 
swept  Into  quartz  If  the  process  Is  carried  out  In 
vacuum  at  temperatures  above  the  phase  transition. 
King*  suggested  that  vacuum  swept  quart;  should  be  ft.*c 
of  radiation  Induced  transient  frequency  shirt-,  kecent 
studio?  by  Upson7  and  by  Antnos.  Garcia,  and  Koehler® 
show  that  the  holes  can  also  be  swept  In  a* 
temperatures  below  the  573c'C  phase  transition.  It  Is 
the  purpose  of  this  paper  to  review  current  sweeping 
technology  and  related  properties  of  quartz. 
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properties  2f  SH££J  QH*nT? 

Sweeping  affects  both  point  and  extended  defects. 
The  OH*  growth  defects  and  substitutional  aluminum  are 
probably  the  most  Important  point  defects  In  as-grown 
quarts.  The  row®  temperature  broadened  OH"  absorption 
bands  are  used  to  determine  the  optical  0  of  the 
material.9*10  The  Al-Na  and  the  radiation-produced  Al- 
holc  center  have  acoustic  loss  peaks  which  directly 
affect  oscillator  prcfcrmoncc4*19.  Other  point  defects 
present  In  as-grown  quart:  Include  substitutional 
germanium  and  both  silicon  and  oxygen  vacancies.  A 
recent  study  by  Euler  end  Katcn1*  suggests  that  Ce  may 
play  a  role  In  low-dose  radiation  effects.  There  have 
been  a  number  of  papers  reviewing  the  general 
properties  of  point  defects  In  quarts.1-"'"  Johnson 
and  Irvine*'  review  etch  channels  and  extended  defects 
In  another  paper  In  this  proceedings. 

The  replacement  of  the  Intcrsltlal  alkali  trapped 
adjacent  to  tne  substitutional  aluminum  by  hydrogen  Is 
the  most  direct  consequence  of  air  or  hydrogen  sweeping 
quarts,  fig.  I  compares  both  the  room  temperature  and 
the  Mould  nitrogen  temperature  Ift  absorbance  spectre 
of  a  5  Mils  5th  overtone  AT-cut  resonator  blank  In  the 
as-recelvcd  condition,  after  a  strong  (10  brad) 
Irradiation,  and  after  sweeping.  The  low  temperature 
as-received  spectrum  shows  the  four  growth-defect  bands 
at  3350.  3<00.  3*37.  and  3501  cm"*:  the  three  lower 
frequency  bands  are  completely  broadened  In  the  room 
temperature  curve.  Low  temperature  acoustic  Ins: 
measurements  show  that  this  material  contains  no  A I -Ha 
centers.  Irradiation  creates  Al-holc  centers  and  the 
A I -Oil"  center  from  the  AI-LI  center.  The  spectrum  for 
the  Irradiated  sample  shows  that  hydrogen  In  the 
growth-defects  has  been  completely  removed  and 
transferred  to  the  aluminum  site  forming  the  AI-OH" 
center  which  Is  responsible  for  the  bonds  at  3307  and 
3306cm"*  It  Is  Interesting  to  note  that  the  3367cm"1 
Is  still  observable  at  room  temperature.  In  this 
particular  sample  the  Oh"  growth-defects  contain  almost 
exactly  enough  hydrogen  to  compensate  the  10-15  ppm 
aluminum  present  In  the  sample  after  Irradiation. 
Sweeping  does  not  cause  any  changes  In  the  as-grown  OH" 
bands,  but  does  replace  the  alkali  at  the  aluminum  and 
form  the  AI-OH*  center.  The  Al-OH"  concentration  Is 
nearly  the  same  for  tne  Irradiated  condition  and  after 
sweeping;  thus,  very  few  Al-holc  centers  were  produced 
when  the  as-recelvcd  sample  was  Irradiated,  we 
subseguenlty  Irradlotcd  the  swept  sample  and  observed 
only  a  very  small  decrease  In  the  AI-OH"  band.  A 
comparison  of  the  production  of  Al-holc  centers  by 
Ionising  radiation  In  swept  versus  unswept  samples 
taken  from  the  same  bar  shows  that  fewer  centers  arc 
produced  In  swept  material*0.  The  production  of  poro- 
mognotlc  oxygen  vacancy  centers  Is  olso  greatly  reduced 
In  swept  quartz.  The  reader  should  remember  that 
swiping  does  not  remove  point  defects  but  only 
mod.*''*!  them,  for  example,  sweeping  converts  the  AI-LI 
center  present  In  os-grown  quartz  Into  AI-OH"  centers. 

The  modification  of  the  point  defects  discussed 
above  gives  rise  to  a  number  of  the  Improvements  In 
crystal  performance  attributed  to  sweeping.  Comparison 
studies  by  Capone  ct  al..20  Poll  and  Rldgway.21  Young. 
Koehler,  and  Adams22  show  that  swept  quartz  usually 
exhibits  lower  steady  state  frequency  offsets  wnen 
exposed  to  Ionizing  radiation  than  unswept  quartz. 
Figure  2  which  Is  taken  from  Capone  et  aT;,  shows  the 
frequency  offset  versus  radiation  dose  for  a  number  of 
crystals.  High  Q  material  contains  Al-Na  centers  and 
the  radiation  Induced  reduction  of  their  loss  peak 
causes  the  positive  shift.  The  conversion  of  the  AI-LI 
centers  present  In  the  other  unswept  mater lo I  Into  Al- 
hole  centers  Is  probably  the  cause  of  their  negative 
offset.  On  this  scale  the  swept  electronic  grade 
material  shows  nearly  zero  offset.  Hore  recent 
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Tlgurc  I.  The  IR  spectra  of  a  5  nil;  5th  overtone  AT-cut 
resonator  blank  containing  10-15  ppm  Al  Is  shown  In  tne 
as-rccelved  condition,  after  o  strong  room  temperature 
Irradiation,  and  after  sweeping  at  Doth  room 
temperature  and  00  K.  Tne  scale  has  been  expanded  for 
the  room  temperature  curves;  the  Irradiated  and  swept 
curves  have  been  offset  for  clarity. 
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figure  2.  The  fractional  frequency  offsets  of  a  a 
number  of  unswept  crystals  and  for  a  swept  electronic 
grade  crystal  are  show.  After  Capone  et  al.20 


measurements  on  modern  material  often  show  frequency 
offsets  In  the  10-100  ppb  ronge  for  swept 
material23,24.  When  exposed  to  pulses  of  Ionizing 
radiation  air  swept  quartz  crystals  do  not  show  the 
transient  resistance  Increases  usually  seen  In  unwept 
material.29-28  They  may,  however,  show  transient 
frequency  offsets  because  of  the  temporary  production 
of  Al-hole  centers.  King6  has  proposed  that  vacuum 
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swept  quartz  Is  free  of  Both  transient  frequency  and 
resistance  offsets.  The  published  frequincy  offset 
results  for  vacuum  swept  quart;  are  somewhat 
contradictory]  Pelllgrlnl  ti  tisr  report  offsets  off  - 
12  and  -7  ppd  for  vacuum  swept  Premium  Q  crystals  while 
Kahan  report  much  larger  offsets  for  vacuum 

swept  material. 

Sweep  in®  also  Improves  the  room  tempcrtuce 
mechanical  Q  of  quartz  crystals.  Capone  aL.20 
report  that  sweeping  raised  room  temperature  the  Q  of 
Electronic  Grade  material  from  5*10*  to  over  IwlO*. 
Young,  Koehler,  and  Adams*2  have  report  that  sweeolny 
raised  the  Q  of  optical  grade  Quart;  from  2  million  to 
Z.t  million.  Since  the  room  temperature  |R  spectrum  at 
JWOcm"'  Is  unchanged  by  sweeping,  there  Is  no 
comparable  Increase  In  optical  Q.  This  mechanical  0 
Improvement  comes  about  because  elKal  Is  are  removed 
from  the  sample.  At  higher  temperatures  the  Improve¬ 
ment  Is  more  dramatic;  the  measurements  of  Upson 
al.7  of  the  crystal  resistance  of  5HH;  5th  overtone  AT- 
cut  crystals  as  a  function  of  temperature  Is  shown  In 
rig.  3.  The  resistance  of  the  unswept  crystal  Is  over 
1000  ohms  at  3S0°C  while  that  of  the  swept  and  vacuum 
swept  crystals  stays  under  100  ohms.  This  result  Is 
Important  for  pressure  transducer2*  and  other  high 
temperature  applications  of  quart;  crystals. 


figure  3.  The  crystal  resistance  versus  temperature 
curves  for  an  unswept  crystal  and  for  air  end  vacuum 
swept  crystals  are  shown.  After  Upson  gi  a  I.7 


Whl  le  the  properties  discussed  above  all  result 
from  the  modification  of  point  defects  by  sweeping, 
sweeping  also  alters  the  extended  dislocation  networks 
that  cause  etch  channels.  There  have  been  several 
pullshed  studies  showing  that  the  etch  channel  density 
In  swept  quart;  Is  much  less  than  In  comparable  bars  of 
unswept  material.30"34  Figure  *  presents  the  results 
for  several  of  these  studies.  The  pairs  of  bars  A 
through  G  show  the  data  obtained  by  Balasclo  and 
Armlngtoo32  on  seven  stones  of  cultured  quartz.  Half  of 
each  stone  was  left  unswept  whl  le  the  other  half  was 
swept;  then  AT  slices  from  each  pair  were  etched.  The 
low  unswept  etch  channel  density  In  bar  £  came  about 
because  It  was  grovn  on  an  X-growth  seed.  Bars  H  and  I 
represent  the  published  results  of  Gaultlerl33  and  of 
Hunt  and  Smythe.34  X-ray  topographs  show  that  after 
sweeping  the  basic  dislocation  networks  remain  In  the 
quartz17.  Hanson35  has  used  synchrotron  radiation  to 
make  X-ray  topographs  of  a  number  of  crystals.  His 
results  show  a  direct  correlation  between  the  disloca¬ 
tion  networks  seen  In  the  topographs  and  with  etch 
channels  which  were  optically  observed  after  etching. 
Dislocation  networks  are  high  stress  areas  where 
Impurities  are  likely  to  aggregate;  it  seems  possible 


that  sweeping  somehow  medtno  these  impurities  fco  that 
the  region  is  less  reactive.  Gaultlerl  an<JU-kart3& 
have  observed  gold  from  the  cathode  electrode  cli'fusirHi 
back  Into  the  bur  along  at  least  some  extended  defect 
channels. 
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Figure  a.  Pair  bars  A  through  G  represent  a  comparison 
of  the  etch  channel  densities  In  unswept  and  unsweet 
samples  taken  from  the  same  quart:  stones  by  balasclo 
and  Armlngton.32  Bars  H  and  I  show  tnt  published 
comparison  between  unsyept  and  un swept  quart;  made  by 
Gaultlerl*3  and  by  Hunt  and  Smythe.34. 


THE  ElCCfl»Q0IFFi)51QW  PROCESS 

As  mentioned  above,  sweeping  affects  both  point 
and  extended  defects.  The  process  that  Is  associated 
with  the  point  defects  Is  qualitatively  understood, 
host  as-grown  quart;  contains  substitutional  aluminum 
which  behaves  as  an  acceptor;  an  associated  Intersltl- 
tlal  alkali,  usually  lithium,  provides  the  charge  com- 
pensatlon,,*2°.  Additional  unidentified  point  defects 
are  know  to  trap  protons  forming  the  OH"  related  growth 
defects3,37  responsible  for  several  IR  absorption 
bands.  When  thermally  liberated  from  their  traps  these 
Interstitial  Ions  can  drift  along  the  relatively  large 
Z-axIs  channels  present  In  the  alpha-quartz  structure. 
Therefore.  If  an  electric  field  with  a  component  paral¬ 
lel  to  the  Z-axIs  Is  applied  to  the  sample  at  high 
temperatures  the  mobile  positive  Interstitials  will  be 
forced  toward  the  cathode  (negative  electrode)  setting 
up  a  space  charge  region  near  the  anode.  If  a  source 
of  positive  Ions  (s  present  at  the  anode,  such  as  the 
HaCI  film  used  for  sodium  sweeping30,  new  positive  loos 
will  be  forced  Into  the  sample.  At  the  same  time,  an 
equal  quantity  of  the  old  Interstitials  leave  the 
sample  and  move  Into  the  negative  electrode. 
Commercially,  sweeping  Is  done  In  air  and  the  original 
alkalis  In  the  sample  are  replaced  by  protons.  The 
protons  come  from  water  vapor  present  In  the  atmosphere 
which  Is  probably  catalyzed  by  the  metal  film  positive 
electrode  (anode)  with  the  proton  entering  the  film  and 
then  moving  Into  the  sample3*.  Figure  5  which  Is  taken 
from  Upson  al.7  shows  that  the  replacement  proceeds 
as  a  wave  front  moving  through  the  sample.  After  three 
hours  the  AI-OH  center  has  been  formed  In  the  flrst2mm 
of  the  I5.Z  mm  thick  sample;  as  time  progresses  to  IZ 
hours  the  "front"  moves  about  half  way  through  the 
sample.  The  upper  curve  In  Fig.  5  shows  the  variation 
In  the  as-grown  OH"*  though  the  sample  and  that  the 
growth-defects  do  not  change  with  sweeping.  Upson  et 
al.  and  Anthes,  Garcia,  and  Koehler8  have  also  shown 
that  a  similar  “Front"  of  Al-hole  centers  moves  through 
the  sample  from  the  anode  to  the  cathode  during  vacuum 
sweeping.  Once  the  ionic  replacement  process  Is  com¬ 
plete  one  might  assume  that  only  one  species  of  Ion  Is 
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moving  through  the  quartz  sample.  Sweeping  Is  a  one- 
dlmenslonal  process!  the  author's  students  have  made 
several  attempts  to  sweep  both  alkali  and  hydrogen  In 
the  X  and  Y  directions  with  no  success.  The  process 
does  work  whenever  there  Is  a  significant  comoonent  of 
the  applied  field  parade1  to  the  Z-axIs  such  as  In  AT. 
8T,  and  SC  crystal  blanks. 


anode  Z  (mm)  cathode 

rigure  5.  The  upper  curve  shows  o  nearly  2  to  I 
variation  In  as-grown  OH”  through  the  sample.  The  lower 
curve  shows  the  progression  protons  forming  AI-OH”1 
centers  after  3  and  12  hours  of  {\lr-sweeplng.  After 
Upson  al-7. 


The  motion  of  the  It »  through  the  quortz  samplr 
Is  directly  related  to  the  Ionic  conductivity  with  thv 
number  of  mobile  Ionic  charge  carriers  governed  by  the 
number  of  traps  and  the  depth  of  their  trapping  wells. 
If  we  assume  that  only  one  kind  of  Ion  Is  mobi  le,  the 
conductivity,  <r.  can  be  written  as  <r«  ne/r  where  n 
Is  the  density  of  Ions,  e  Is  the  electronic  charge,  and 
Is  M  their  mobility.  The  mobility  which  Is  related  to 
the  diffusion  coefficient  Is  given  by 

//■  ( e/kT)  vfl-^exp  ( -  ta/kT )  IIJ 


where  V  Is  the  attack  frequency,  a  Is  the  Jump 
distance,  and  E_ls  the  activation  energy  for 
Interstitial  migration  .  If  there  Is  only  one  kind  of 
trap  present,  aluminum  for  example,  the  number  of 
mobile  Ions  per  unit  volume  can  be  found  from  the  law 
of  mass  action  to  be 


n  •  (c/2) */^N0exp(-Ea/2kT) 


(2) 


where  c  Is  the  mole  fraction  of  traps,  N0  Is  the  number 
of  SI02's  per  unit  volume,  and  Ea  Is  the  association 
energy  between  the  Ion  and  the  trap.41  The  factor  o 
1/2  In  the  exponential  term  comes  about  because  two 
defects  are  created:  the  mobile  Ion  and  the  fixed 
Ionized  acceptor  trap.  Thus,  the  conductivity  can  be 
expressed  as 


s-T  *  Aexp(-E/kT) 


13) 


where  E  =  Em  +  Ea/2  and 


A  ,r‘  c/2)'/2/k  14) 

Eqoat.  ..d  *  show  that  the  Ionic  conductivity  of 
quartz  .  ermally  activated.  The  assumption  of  only 
on*  kino  of  trap  Is  not  Justified:  cultured  quartz  fas 
the  OH*  growth  defects  Cas-grown  OH")  In  addition  to 
the  substitutional  aluminum,  as-rccelved  natural  quartz 
has  both  AI-OH*  and  Al-Lt  as  well  as  OH*  related 
defects  which  also  contain  alkalis7.  Consequently,  the 
conductivity  should  not  be  expected  to  go  as  the  square 
root  of  the  trap  concentratlr.i.  Nevertheless,  the 
conductivity  should  Increase  with  Increasing  defect 
concentration.  Figure  6  shows  the  apparent  DC  Ionic 
conductivity  measured  during  cool-down  at  the  end  of 
LI-  and  H-swcepIng  runs  plotted  as  logfc-T)  vs  1000/T 
for  samples  with  70UIA-A),  lO(PQ-J),  and  S(TO-A)  ppm 
aluminum.  The  lithium  data  shows  some  curvature  giving 
activation  energies  near  l  *¥  at  the  higher 
temperatures  while  the  hydrogen  data  show  activation 
energies  ranging  from  1.6  to  2.1  eV1®.  At  the  lower 
temperatures  the  results  shown  In  fig.  2  are  in 
reasonable  agreement  with  the  AC-conductIvlty  results 
of  Green  aii  For  similar  samples.  When  applied  to 
the  sweeping  process  these  conductivity  results  show 
that  sweeping  Is  thermally  activated  and  that  the 
sweeping  current  should  be  larger  for  the  lower  purity 
samples. 


1000/T  (1/K) 


figure  6.  The  apparent  OC-lonlc  conductivity  taken  at 
the  end  of  LI-  and  H-sweepIng  runs  Is  shown  for 
samples  with  70(HA-A),  I0(PQ-J).  and  5(TD-A)  ppm  Al. 

Figure  7  compares  the  current  versus  time  curves 
taken  during  H-sweepIng  runs  on  two  AT-cut  5  MHz  5th 
overtone  15mm  diameter  resonator  blanks,  one  with  10-15 
ppm  Al  and  the  other  with  0.2  ppm  Al.  Both  samples  were 
taken  from  cultured  stones.  Both  samples  were  swept 
with  a  field  of  2000  V/cm  epplled  at  room  temperature 
and  then  taken  through  the  temperature  versus  time 
cycle  shown  as  the  heavy  sol  Id  curve  In  fig.  7.  Both 
samples  show  current  peaks  or  plateaus  during  the 
warmup  portion  of  the  cycle  that  are  similar  to  those 
first  reported  by  Hanson44.  The  origin  of  these  peaks 
is  not  understood!  Hanson,  and  Lopez.  West,  and 
Martin42  have  shown  that  they  r  sappear  when  the  sample 
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has  b««n  completely  swept.  When  the  temperature  cycle 
reaches  the  S00°C  operating  temperature  the  sample 
current  shows  an  Initial  fast  decay  followed  by  a 
slowerdccrcase  until  it  reaches  astcady  value.  The 
steady  current  Is  usual  ly  taken  as  an  Indication  that 
the  Ionic  exchange  Is  complete.  The  currents  during 
the  500°C  portion  of  the  cycle  roughly  scale  with  the 
aluminum  content,  figure  8  shows  the  Initial  current 
versus  time  behavior  for  a  10-15  ppm  aluminum  blank 
taken  from  the  same  bar  with  the  field  first  applied 
when  the  500°C  sweeping  temperature  was  reached.  The 
log(t )  versus  lpa(t)  plot  shows  that  the  current 
decreases  as  t'°‘’  which  Is  characteristic  of  one- 
dlmcnslonal  diffusion.  The  large  Initial  current 
observed  when  Che  field  Is  first  appl  led  at  the  full 
sweeping  temperature  must  be  closely  related  to  the 
current  peaks  observed  during  warmup. 
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figure  7.  The  sweeping  current  versus  time  curves  for 
samples  with  0.2  and  10-15  ppm  Al  ore  shown  for  the 
case  where  the  electric  field  Is  applied  at  room 
temperature  and  the  system  Is  taken  through  the 
temperature-time  cycle  given  by  the  heavy  solid  curve. 
The  sweeping  was  done  In  an  H2  atmosphere. 

SWEEPING  TECHNOLOGY 

Figure  9  shows  a  block  diagram  of  a  hypothetical 
elcctrodlffuslon  system  slmalar  to  the  one  described  by 
Brown,  O'Connor,  and  Armlngton.*5  The  system  consists 
of  an  electric  furnace  with  a  programmable  temperature 
controller.  To  avoid  thermally  shocking  the  quartz  bar 
the  temperature  should  be  slowly  raised  to  the  desired 
operating  temperature  and  then  slowly  cooled  at  the  end 
of  the  run.  The  system  Includes  a  separate  monitor  for 
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figure  8.  The  Initial  sweeping  current  versus  time  fee 
a  10-15  ppm  Al  sample  Is  shown  with  the  field  first 
applied  when  the  sweeping  temperature  was  reached.  The 
current  decays  os  t"0*5. 
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figure  9.  A  block  diagram  for  a  hypothetical  air 
sweeping  system  Is  shown. 


an  Independent  temperature  check.  Air  sweeping  which 
exchanges  hydrogen  for  the  alkalis  requires  electric 
fields  of  1000-1500  V/cm»  so  a  2000  V  power  supply  Is 
used,  fields  on  10-20  V/cm  are  adequate  for  sweeping 
alkali  Ions  such  as  sodium.31  larger  fields  result  In 
tarafr  currents  and  faster  etcctrodlffuslon.  Kahan  & 
jJ..23  report  the  use  of  1000  V/cm  for  the  electro- 
diffusion  of  holes  In  a  vacuum  sweeping  experiment. 
Oaultlerl33  has  compared  with  reduction  of  etch  channel 
density  with  applied  electric  fields  for  fixed  sweeping 
times  and  found  that  higher  fields  give  lower  density. 
If  Is  not  clear  If  this  result  Is  caused  Just  by  the 
faster  sweeping  or  If  there  Is  a  direct  field  effect.  A 
current  meter  or  recorder  Is  needed  to  monitor  the 
process.  Mlth  most  modern  digital  current  meters  It  Is 
necessary  to  place  the  meter  In  the  negative  (ground) 
lead.  Figure  10  shows  a  block  diagram  of  the  computer 
assisted  measurement  system  that  we  use  at  OSD  with  an 
extension  for  the  simultaneous  sweeping  of  two  samples. 
The  power  supply  Is  voltage  programmed  by  the  0  to  A 
which  Is  controlled  by  the  computer.  The  sweeping 
currents  are  found  by  measuring  reading  the  voltage 
drop  across  the  1000  ohm  precision  resistors  with  a 
NP3478A  digital  multimeter.  The  Input  of  the  0HN  Is 
scanned  between  the  thermocouple  and  the  current 
measuring  resistors  by  the  computer  controlled  relay 
box.  The  relay  box  also  triggers  a  motor  driven  Inde¬ 
pendent  set  point  on  the  temperture  controller,  for 
each  sweeping  run  the  temperature  and  current  versus 
time  data  I  Ike  that  shown  In  Fig.  7  as  wel  I  as  data  on 
the  quartz  bar  are  recorded  and  stored  on  disc.  The 
computer  assisted  system  greatly  simplifies  data 
analysis)  for  example,  one  can  readily  plot  out  the 
apparent  DC  conductivity  versus  reciprocal  temperature 
as  shown  In  Fig.  6.  Hanson44  has  described  a  similar 
system.  To  prevent  back-diffusion,  the  electric  field 
Is  usual  ly  left  on  during  the  cool-down  phase  of  the 
run. 
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Figure  10.  A  computer  controlled  electrodiffusion 
system  Is  Illustrated.  Sweeping  currents  are  measured 
by  reading  the  voltage  drop  across  the  resistors. 

Sweeping  Is  usually  carried  out  on  a  fully 
lumbered  bar  such  as  the  Y-bars  used  for  AT-cut 
crystals-  The  field  Is  established  such  that  the 
cathode  (negative  electrode)  Is  the  seed  side  of  the 
bar;  thus,  the  Ions  are  swept  towards  the  dirtier 
region  of  the  bar.  After  sweeping  the  cathode  side  Is 
ground  off.  Originally,  platinum  foil  electrodes  were 
pressed  against  tne  sample.  Since  the  hydrogen  (or  the 
holes  In  vacuum  electrodiffusion)  enters  the  quartz  bar 
through  the  anode;  the  positive  electrode  should  have  a 
good  Intimate  contact  with  the  surface.  The  modern 
technique  Is  to  use  evaporated  or  sputtered  metal  film 
electrodes  deposited  on  polished  surfaces.  In  a  series 
of  papers.  Gaultlerl  and  co-workers33,36'39  have 


reported  on  the  effects  of  surface  finish  and  electrode 
type  on  the  efficiency  of  the  electrodiffusion  process. 
They  found  that  pressed  foil  electrodes  do  not  provide 
sufficiently  uniform  electrical  contact  with  the 
sample.  They  also  found  evidence  of  diffusion  of  the 
cathode  electrode  material  Into  extended  defects.  This 
back-diffusion  was  reduced  by  using  well  polished 
surfaces. 

The  quartz  used  for  electrodiffusion  should  be 
selected  based  upon  the  final  application.  Brice46,  In 
a  review  paper,  discussed  the  selection  of  quartz  for 
various  applications.  He  reported  that  higher  quality 
quartz  gave  higher  yields  of  finished  devices.  The 
same  results  must  hold  for  swept  material.  As 
discussed  above,  electrodiffusion  affects  both  point 
and  extended  defects.  The  performance  of  quartz  crystal 
devices  for  operation  In  radiation  environments  or  at 
high  temperatures  Is  most  strongly  Influenced  by  the 
presence  of  point  defects  such  as  the  substitutional 
aluminum.  Therefore,  low  aluminum,  low  OH~  content 
quartz  should  be  chosen  for  those  applications  and  then 
swept.  The  yield  of  devices  produced  by  deep  etching  Is 
Influenced  by  the  presence  of  the  dislocation  networks. 
Consequently,  low  dislocation  quartz  Is  desired  for 
deep  etch  processing. 

EVALUATION  Of  SWEPT  QUARTZ 

A  simple  direct  test  for  the  question,  "Is  It 
done?"  Is  needed  when  carrying  out  an  electrodiffusion 
run.  The  most  common  on-line  test  seems  to  be  th>. 
appearance  of  a  steady  current;  by  this  criteria  the 
current  versus  time  traces  shown  In  Fig.  7  show  that 
the  sweeeplng  Is  not  quite  complete.  Other  tests 
Include  checking  to  see  If  the  current  Is  TXimlc;"  such 
a  test  was  performed  periodically  during -the  sweeping 
run  shown  by  the  upper  current  trace  In  Fig.  7.  Fig. 
II  shows  current  density  versus  electric  field  traces 
token  at  four  different  times  after  the  system  reached 
the  500°C  operating  temperature.  The  slope  of  the 
curves  seems  to  be  converging  towards  a  value  sllghlty 
lower  than  the  one  shown  for  1095  minutes.  The  current 
observed  for  zero  field  Is  not  understood.  Again,  the 
run  appears  to  be  not  quite  finished.  Other  tests 
Included  the  appearance  of  a  high  activation  energy 
characteristic  of  hydrogen  for  the  Ionic  conductivity 
data  that  one  can  obtain  on  "cool-down.'*33  If  the 
sweeping  run  Is  repeated  with  the  electric  field 
applied  at  room  temperature,  the  "warm-up"  current 
peaks  will  be  missing44'42.  Both  samples  shown  In  Fig. 
7  passed  these  two  tests. 

While  no  Indirect  test  of  the  effectiveness  of 
sweeping  run  for  the  reduction  of  the  tendency  to  form 
etch  channels  exists  a  number  of  tests  for  point 
defects  are  possible.  One  simple  test  is  to  Irradiate 
the  bar;  If  the  bar  colors  then  It  Is  assumed  that  It 
Is  not  fully  swept29.  However,  this  test  Is 
Ineffective  on  low  aluminum  content  cultured  quartz. 
This  material  shows  essentially  no  coloration  even  In 
the  unswept  condition.  Room  temperature  Infrared 
absorption  measurements  such  as  those  shown  In  the 
upper  part  of  Fig.  I  may  be  useful.  A  cultured  quartz 
AT-cut  5  MHz  5th  overtone  15  mm  diameter  resonator 
blank  containing  10-15  ppm  alumnlnum  was  used  for  this 
data.  The  Al-OH-  band  at  3370  cm-1  for  the  room 
temperature  results  Is  clearly  seen  for  both  the  swept 
and  Irradiated  cases.  Quartz  growers  routinely  make 
similar  room  temperature  scans  for  the  evaluation  of 
their  as-grown  quartz:  the  Al-OH-  band  appears  to  be  as 
strong  as  the  broadend  growth-defect  OH”  bands  used  for 
the  determination  of  optical  Q.  it  also  seems  possible 
to  develop  a  calibration  giving  the  aluminum  content  of 
a  swept  bar.  A  stmt  lar  test  for  an  Irradiated  unswept 
bar  would  be  unrel  table  because  the  amount  of  AI-OH- 
produced  depends  upon  the  amount  of  OH-  growth  defects 
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Figure  II.  The  current  density  versus  applied  electric 
field  Is  shown  for  four  different  times  after  the 
sample  reached  the  500°C  sweeping  temperature.  The 
slopes  of  the  curves  are  converging  to  a  value  slightly 
lower  than  the  1095  min.  curve.  The  zero  field  current 
Is  not  understood. 

present  as  well  as  the  amount  of  aluminum.  The  author 
believes  that  such  data  would  not  be  useful  for  alumi¬ 
num  concentrations  below  about  5  ppm.  However,  IR 
measurementsat  llguld  nitrogen  temperture  as  shown  In 
the  lower  portion  of  Fig.  |  would  be  useful  down  to 
about  0.5  ppm  of  aluminums  the  AI-OH“  band  has  shifted 
to  3367  cm"1  and  the  OH"  growth-defect  bands  are  fully 
resolved  Upson  gU/  have  shown  that  low  tempera¬ 
ture  FTIR  spectroscopy  can  be  used  to  scan  probe  the 
homogenlcty  of  the  OH"  growth  defects  and  of  the  AI-OH" 
produced  either  by  Irradiation  or  by  sweeping.  They 
and  Anthes.  Garclo,  ond  Koehler8  have  also  shown  that  a 
He-Ne  laser  can  be  used  to  .^robe  the  Al-hole  centnr  In 
vacuum  swept  samples. 

Halliburton  si  SiJ6  have  developed  a  reliable  but 
complicated  test  for  the  effectiveness  of  air  or 
hydrogen  sweeping.  The  test  Involves  direct  elecron 
spin  resonance  (ESRI  measurement  of  the  Al-hole  centers 
produced  by  Irradiation.  Suppose  that  a  sample 
containing  concentration  C3  of  substltutlonalalumlnum 
Is  partially  swept  so  that  It  contains  a  concentration 
Cl  <  C3  of  Al-OH“  centers  ond  C2  of  aluminum  alkali 
centers.  We  then  have  Cl  +  C2  *  C3.  An  Initial 
Irradiation  at  liquid  nitrogen  temperatures  will 
convert  the  Cl  AI-OH"  centers  Into  Cl  Al-holes  and 
leave  the  C2  aluminum  alkali  centers  unchanged.  Cl  Is 
readily  mesured  by  ESR  techniques  down  to  levels  of 
ppb's.  If  the  sample  Is  subsequently  Irradiated  at  room 
temperature  the  C2  aluminum  alkali  centers  are 
converted  Into  AI-OH"  centers.  A  third  Irradiation, 
this  time  at  80  K,  then  produces  C3  Al-hole  centers 
which  can  again  be  measured  by  ESR  techniques.  The 
sweeping  efficiency  Is  given  by: 

Sweeping  Eff.  =  (CI/C3)xl00X.  (5) 

Figure  12  shows  that  concentrations  Cl  and  C3  taken 
after  the  Initial  and  final  low  temperature  Irradia¬ 
tions  on  8  bars  of  quartz.  Bars  I  through  4  were  un¬ 
swept,  bars  5  and  6  were  651  and  921  swept,  while  bars 


7  and  S  were  fully  swept.  Since  only  a  ratio  (CI/C3) 
needs  to  be  determined,  the  ESR  test  Is  relatively 
painless;  the  aluminum  content  can  also  be  found  by 
comparing  the  strength  of  the  ESR  signal  to  that  of  a 
standard  sample.  The  ESR  test  Is  typically  performed 
on  a  small  sample  with  X.r.Z  dimensions  of  7  mm  x  2  mm 
x  3  mm.  The  test  described  above  Is  applicable  to  air 
or  hydrogen  swept  quartz. 


Figure  12.  The  first  bar  for  each  sample  gives  the  Al- 
hole  center  concentration  Cl  as  measured  by  ESR  after 
the  Initial  low  temperaure  I 'radiation.  The  second  bar 
gives  the  Al-hole  concentration  C3  as  measured  after 
the  room  temperature  and  subsequennt  low  temperature 
Irradiations.  The  sweeping  efficiency  Is  (CI/C3)I001. 
C3  Is  also  the  total  aluminum  content. 

We  have  measured  the  Al-hole  center  concentration 
In  a  number  of  vacuum  swept  samples  In  the  os-vacuum 
swept  condition  and  then  appl  led  the  test  above.  The 
samples  usually  show  an  Initial  as-vacuum-swept  Al-hole 
concentration  ranging  from  3  to  401  of  the  total  alumi¬ 
num  content  and  that  the  samples  are  1001  swept 
according  to  the  above  standard.47  These  results  and 
frequency  offset  data  have  led  Kahan  et  pi.23  to  pro¬ 
pose  that  the  required  charge  compensation  Is  located 
at  a  site  some  distance  away  from  the  substitutional 
aluminum. 

Koehler40  has  developed  two  tests  of  sweeping 
effectiveness.  The  first  Is  based  upon  the  relatively 
long  lived  radiation  Induced  electrical  conductivity 
present  In  unswept  quartz.  The  second  test  Is  a 
measurement  of  the  crystal  resistance  at  high 
temperatures.  The  test  can  be  performed  either  on 
finished  blanks  In  a  gap  holder  or  on  finished 
crystals.  He  defines  the  Index  ratio  as 

Ratio  .  (R400  -  RZ5)/I00  (6) 

where  R4QQ  Is  the  crystal  resistance  at  <00°C  and  Rje 
Is  the  resistance  at  25  °C.  Figure  13  shows  the 
results  presented  by  Koehler  for  tests  on  a  number  of 
crystal  units.  Those  crystals  which  were  wel I  swept 
showed  small  resistance  changes  and  transient  radiation 
Induced  frequency  offsets  which  could  be  explained 
In  termsof  the  radiation  Induced  temperature  shift. 
The  unswept  or  poorly  swept  crystals  showed  large 
resistance  changes  and  transient  resistance  changes 
when  exposed  to  a  radiation  pulse.  This  test  should  be 
attractive  to  crystal  manufacturers  since  the  series 
resistance  of  Is  readily  measured. 
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THERMAL  RESISTANCE 
TRANSIENTS 


Figure  13,  Crystals  which  have  only  a  thermal  transient 
frequency  offset  when  exposed  to  a  pulse  of  Ionising 
radiation  show  only  small  Increases  In  series 
resistance  at  400°C  as  shown  on  the  left.  Crystals 
which  are  poorly  swept  show  lorge  resistance  Increases 
at  high  temperatures  and  large  transient  series  resls- 
tnnee  when  exposed  to  radiation  pulses.  After 
Koehler.40 
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Abstract 

Previous  work  to  identify,  characterize  and  reduce 
etch  channels  in  single  crystal  cultured  quartz  is 
reviewed.  Experiments  in  this  study  confirm  that 
etch  channels  result  from  selective  etching  near  edge 
dislocation*.  Tne  dominant  sources  of  the  disloca¬ 
tions  in  tie  grown  crystal  are  determined  to  be 
latent  $ee«  dislocations  and  the  seed  crystal 
Interface.  Using  x-ray  topography,  optical  and 
scanning  electron  microscopy  the  composition  of  tne 
interface  is  seen  to  consist  of  several  solid  phase 
inclusion  species  coexisting  with  bands  of  disloca¬ 
tions  identified  as  misfit  dislocations  by  Burgers 
vector  invisibility  criteria.  It  is  proposed  that 
the  inclusions  nucleate  from  a  reaction  of  elements 
present  in  the  system. 


Note  the  -appearance  of  pits  with  well  defined 
inverted  apices  which  sometimes  serve  as  the  starting 
point  for  long  narrow  channels.  Higher  magnification 
by  scanning  electron  microscopy  (SEH)  is  snown  in 
Figures  "e  and  3. 


FIGURE  2  FIGURE  3 
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Introduction 
Device  Considerations 

Applied  as  a  frequency  control  or  timing  device, 
components  fabricated  from  single  crystal  cultured 
quartz  are  widely  used  in  military,  Industrial  and 
consumer  electronic  equipment.  New  designs 
continually  offer  higher  performance,  miniaturization 
and  lower  costs.  To  answer  the  need  for  device 
improvements,  quartz  component  manufacturers 
implemented  processes  requiring  the  exposure  of 
quartz  to  strong  etchants.  In  some  cases,  this  was 
an  effort  to  adapt  the  batch  photolithographic 
techniques  of  the  semiconductor  industry  to  quartz 
resonator  production,  offering  lower  costs  and 
realization  of  innovative  designs.  In  other 
instances,  the  design  makers  were  trying  to  reduce 
the  subsurface  damage  caused  by  previous  lapping 
operations  to  improve  performance.  On  still  other 
occasions,  the  fabricators  were  trying  to  achieve 
very  thin  sections  for  high  frequency  operation. 
Each  of  these  efforts  was  constrained  by  the 
formation  of  micron  sized  holes  (often  referred  to  as 
etch  channels)  in  cultured  substrates  on  exposure  to 
etchants. 


Etch  channels  limit  device  makers  by: 

1.  Creating  electrical  faults  upon  application  of 
conductive  electrodes. 

2.  Acting  as  stress  concentrators  to  reduce  the 
ultimate  strength  of  the  device. 

3.  Trapping  contamination  resulting  in  increased 
aging. 

The  first  widespread  application  of  photolithographic 
processing  tecnnlqucs  occurred  in  the  manufacture  of 
tuning  fork  resonators.  An  example  of  a  device  with 
size  about  1  mm  x  5  ™  is  shown  in  Figure  4, 


FIGURE  4 


Figure  1  is  typical  of  the  surface  condition 
following  prolonged  etching  in  atnnonlum  bifluoride 
(ABF). 


FIGURE  1 


Thicksten  (1983)  catalogued  various  etch  related 
defects  encountered  in  fabricating  tuning  forks. 
Figure  5  Illustrates  the  presence  of  etch  pits  and 
channels  in  photolithographic  processed  parts. 
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In  so m  cases,  electrical  discontinuities  are  caused 
by  voids  in  the  ratal ization  attributable  to  etch 
defects.  Additionally,  the  shock  resistance  of  the 
device  Is  severely  impaired  by  the  presence  of  stress 
concentrators.  As  devices  undergo  further  miniaturi¬ 
zation  and  rare  complex  shapes  are  required,  the  need 
to  reduce  the  concentrations  of  pits  and  channels 
increases. 


CU003J  of  the  seed  plate  ami  a  one-to-one  correspon¬ 
dence  Between  these  inclusions  and  eten  channels  in 
the  grown  crystal.  They  further  discussed  possible 
causes  of  these  channels,  mentioning  dislocations, 
nontmiforn  incorporation  of  impurities  and  a 
combination  of  these  two  posslBi lilies.  They 
ultimately  decided  that  they  could  come  to  no 
conclusion. 


Defect  Characterization  and  Origin 

The  well  known  method  of  etching  to  detect  the 
presence  of  dislocations  in  ratals  and  crystals  was 
applied  to  cultured  quartz  early  in  its  development 
and  remains  a  standard  characterization  technique. 
Ths  formation  of  etch  pits  in  the  presence  of 
dislocations  is  predicted  by  free  energy  considera¬ 
tions.  Cabrera,  Levine  and  Plaskett  (1954)  descries 
the  conditions  necessary  to  open  a  dislocation  into 
an  etch  pit  when  the  crystal  is  placed  in  an  under- 
saturated  medium.  The  basic  consideration  is  an 
energy  balance  between  the  dissolution  of  a  volume  of 
crystal  into  the  undersaturated  radium  and  the 
release  of  potential  energy  stored  as  strain  near  the 
dislocation  balanced  against  formation  of  additional 
surface  area  free  energy.  Two  of  these  terms  are 
nearly  the  same  throughout  the  bulk  of  tne  crystal. 
However,  the  increased  strain  energy  near  the 
dislocation  results  in  much  higher  etch  rates  in 
those  areas. 

The  qualitative  similarity  between  patterns  formed  by 
Lang  topographs  and  etching  is  readily  seen  in  Figure 


A)  X-RAY  TOPOGRAPH  B)  PHOTOGRAPH  AFTER  ABF  ETCHING 
FIGURE  6 


However,  in  quartz  it  was  noticed  that  in  addition  to 
the  etch  pits  which  existed  in  other  materials,  small 
areas,  beginning  at  the  apices  of  some  of  the  pits, 
etched  much  faster  than  the  surface,  creating 
channels  extending  well  Below  the  surface.  Arnold 
(1957)  observed  tnat  very  large  (ov  r  250  microns) 
Inclusions  related  to  the  formation  of  etch  channels. 
At  about  the  same  time  Augustine  (1957)  and 
Augustine,  Hale  and  Berry  (1957)  were  conducting 
similar  etching  experiments  and  reporting  similar 
observations. 

The  composition  of  channels  in  natural  and  cultured 
quartz  was  investigated  in  Buerger  (1954)  and  Cohen 
(1960).  The  possibility  of  stuffing  quartz  with 
beta-eucryptite  and  beta-  spodumene  to  explain  the 
presence  of  large  quantities  of  certain)  Impurities 
was  mentioned. 

Nielsen  and  Foster  (1960)  conducted  further  etching 
experiments  witn  similar  results.  They  noted  the 
presence  of  fluid  inclusions  spanning  the  thickness 


Further  important  etching  studies  were  carried  out  oy 
Tsinzerling  and  Hlconua  (1963)  and  Hanyu  (1964). 
This  work  concluded  that  the  faces  of  the  surface 
oits  matched  naturally  occurring  faces  of  quartz  and 
attributed  the  pits  to  surface  intercepts  of 
dislocations. 

spencer  and  Haruta  (1966)  applied  tne  transmission 
x-ray  diffraction  topographic  methods  developed  oy 
Lang  to  single  crystal  cultured  quartz.  Tnls  study 
established  that  these  linear  defects  had  some 
char 'Cteristics  of  dislocations  and  if  they  were 
dislocations,  they  were  most  likely  screw  or  mixed 
types. 

Line  drawings  illustrating  tne  general  idea  of  screw 
and  edge  dislocations  are  shown  in  Figures  7  ami  d. 


FIGURE  7  SCREW  DISLOCATION  FIGURE  B  EDGE  DISLOCATION 


On  a  unit  cell  scale,  the  screw  dislocation  appears 
as  an  offset  creating  a  spiral  staircase  effect.  An 
edge  dislocation  is  visualized  as  an  extra  plane  of 
atoms.  The  Burgers  vector  is  labeled  b. 


If  g  is  the  reciprocal  lattice  vector  of  a  set  of 
planes  and  b  is  the  Burgers  vector  of  the  disloca¬ 
tion,  the  contrast  effect  of  a  dislocation  image  will 
disappear  wnen  g*b  ■  0.  Conversely,  the  contrast 
effect  will  maximize  when  g*b  »  1.  Tnis  implies 
that  the  image  at  dislocation  lines  exhibits  the 
maximum  wnen  the  reflecting  planes  are  oriented 
perpendicular  to  the  Burgers  vector  and  vanish  when 
they  are  parallel  to  b.  In  the  case  of  a  pure  edge 
dislocation,  b  and  the  dislocatln  line  Doth  lie  in 
the  same  plane,  the  axis  of  the  edge  is  obtained  from 
the  criteria  that  gxL  *  0,  where  L  is  the  direction 
of  the  dislocation  line. 


An  extensive  study  of  dislocations  by  Lang  and 
Hiuscov  (1967)  confirmed  the  link  between  eten  pits 
and  dislocations.  Specifically,  they  concluded  that 
with  rare  exception,  pits  formed  at  dislocations  and 
that  no  pits  occurred  not  at  dislocations.  They 
further  decided  that  based  on  contrast  effects  from 
various  planes  that  only  about  15%  nad  C  axis 
component  [0003]  associated  witn  screw  dislocations. 
Presumably  the  remaining  85%  exhibited  strong  edge 
dislocation  characteristics. 


Lang  and  Hiuscov  further  observe  that  dislocations 
are  randomly  oriented  early  in  tne  growth  cycle,  but 
that  dislocations  soon  organize  into  a  polygonal  cell 
boundary  network  (Figure  6  illustrates),  the  final 
stage  of  which  appears  as  growth  hillocks  on  the 
rough  final  surface  with  orientation  approximately 
(0001).  Fault  surfaces  were  observed  in  the 
topographs  which  were  interpreted  as  indicative  of 
impurity  segregation  in  the  cell  walls. 
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Further  confirmation  of  the  relationship  Between  etch 
pits,  etch  channels  am]  dislocations  was  presented  by 
McLaren,  Osborne  and  Saunders  (1971).  Once  again  it 
was  concluded  that  most  of  the  dislocations  arc  of 
the  edge  variety,  some  mixed  and  rarely  finding  a 
pure  screw  dislocation.  As  in  other  studies,  the 
dislocations  were  confined  to  a  narrow  (1U*-2S*) 
cone,  centered  about  [OOU3J.  The  'or,o<jraphs  produced 
Illustrated  dislocations  originating  in  the  seed  or 
from  the  seed  surface,  propagating  in  tne  general 
direction  of  growth.  A  suggested  model  for  a  pure 
edge  dislocation  is  presented  in  Figure  9. 


FIGURE  9 


An  important  feature  of  this  model  is  a  hollow  core 
with  a  scries  of  unbonded  oxygens.  It  was 
hypothesized  that  this  war  an  obvious  place  for  the 
gathering  of  Impurities,  especially  hydrogen  and 
substitutional  aluminum  (Al^). 

twasaKi  (1977)  draws  the  same  association  between 
edge  dislocations,  etch  pits  and  etcn  tunnels  as 
previous  researchers.  Another  structural  model  is 
proposed  with  the  Key  feature  of  unbonded  oxygen 
surrounding  a  hollow  core  as  presented  by  McLaren  et 
al.  (1971).  Ilowevci ,  the  problen  of  transporting 
etchant  to  the  reaction  iruerface  down  the  micron 
sized  channel  is  discussed.  The  mechanism  posed  is 
to  assume  vapor  etching  by  me  outgassing  of  an  acid 
with  higher  mobility  along  tne  channel  man  in  me 
case  of  liquid. 

Barns  et  al.  (1978)  provided  additional  confirmation 
that  etcn  channels  and  pits  are  related  to 
dislocations.  They  also  observed  certain  shallow 
flat  bottom  pits  which  they  associated  with  flaws 
created  during  grinding  or  lapping.  However,  me 
majority  of  their  report  concerning  pits  described 
sharply  defined  apices  and  etcn  channels;  the  same  as 
mentioned  by  earlier  observers.  This  research  failed 
to  uniquely  determine  the  Burgers  vector,  thus 
leaving  open  the  question  of  the  character  of  the 
dislocation. 

Etch  channels  we-e  separated  into  two  categories: 

1.  Those  propagating  from  fluid  inclusions  in  the 
seed  and 


of  the  as-grown  Z-surface  and  detected  a  large 
concentration  of  aluminum  and  iron  in  a  10  micron 
area  of  high  dislocatioi  density  between  cell  walls. 
The  boundary  of  high  dislocation  density  observed  by 
Lang  and  MSuscov  (1967)  was  not  seen  in  this  work. 

Saha,  Annamalai  and  Oandyopadhyay  (1979)  conclude 
that  about  dd  to  BBS  of  the  dlclosations  In  cultured 
quartz  are  pure  edge  dislocations  constrained  to  a 
cone  of  about  25*  around  the  C  axis.  These 
dislocations  congregate  along  cell  wall  boundaries 
which  are  also  a  region  of  high  Impurity  segregation. 
Additionally,  the  remainder  of  the  dislocations  are 
predominantly  of  screw  character,  each  of  them 
associated  with  a  single  terraced  cobble  apex. 

The  various  relationships  shown  by  the  cumulative 
work  is  briefly  illustrated  In  Figure  10. 
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FIGURE  10 


Efforts  to  Reduce  Dislocation; 


The  main  tnrust  of  the  Barns  et  al.  (1978)  work  was 
to  develop  a  reproducible  technique  for  me  growth  of 
low  dislocation  density  cultured  quartz.  Based  on 
their  analysis  of  inclusions,  showing  that  iron  was  a 
critical  component  in  inclusions  which  created 
dislocations,  combined  with  Knowledge  mat 
dislocations  present  in  the  seed  would  propagate, 
they  found  their  best  results  using  low  dislocation 
seeds  in  a  noble  metal  liner  to  isolate  the  growth  of 
the  crystals  from  steel  autoclaves.  Standard 
Brazilian  nutrient  was  employed  as  were  typical 
growing  conditions.  Analysis  indicated  mat  all 
dislocations  formed  etch  pits.  Thouyh  no  analysis 
was  reported,  they  indicated  me  dislocations 
decorated  with  iron  formed  channels. 

They  reported  low  dislocation  material  and  concluded 
that  it  was  possible  to  create  dislocation  free 
material  under  normal  growth  conditions  in  noble 
netal  lined  vessels  if  nearly  perfect  seeds  are  used. 
Tney  further  stated  that  across  a  broad  growth  rate 
variation  there  was  no  relationsnip  to  dislocation 
density.  Crystals  grown  on  (Olll)  seed  plates  were 
found  more  prone  to  dislocations  man  those  grown  on 
(OUol)  seed  plates  in  this  study. 


2.  Those  emanating  from  particulate  inclusions  near 
the  seed. 

Homna  and  iwata  (1373)  provided  another  link  between 
observations  with  etching,  Lang  topography  and 
polygonal  cell  structure.  They  also  applied  ion 
probe  methods  to  samples  taken  within  tens  of  microns 


The  problem  of  obtaining  suitable  seeds  was  addressed 
by  Zarka,  Lin  and  Buisson  (1931).  Previous  research 
consistently  illustrated  propagation  of  dislocations 
nearly  parallel  to  the  direction  of  growth.  Zarka  et 
al.  chose  seeds  from  the  greater  X-region  with  growth 
direction  [2110]  to  minimize  dislocations  in  the 
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[0003]  direction  of  intended  growth.  This  lowered 
the  dislocations  propagating  from  the  seed,  although 
the  topographs  show  that  considerable  dislocations 
nucleated  from  Inclusions  in  close  proximity  to  the 
seed. 


In  a  series  of  reports  prepared  by  Armimjton  et  al. 
(10131,  19132,  19134,  1985,  and  1985}  the  topics  of 
lowering  impurities,  especially  aluminum,  and 
reduction  In  dislocation  density  are  simultaneously 
addressed.  The  suranary  of  the  result  of  this 
activity  is  shown  below  in  Figure  11. 
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FIGURE  11 


dislocations  have  been  developed.  Electrolytic 
sweeping  as  a  method  to  inhibit  etch  channel 
formation  has  been  reported  by  Vig  ct  al.  (1977), 
Martin  et  al.  (1983),  Gaultier!  (1985),  and  Armington 
and  Balascio  (1985).  Large  reductions  are 
consistently  reported  with  Balascio  and  Armington 
(1986)  reporting  a  decrease  in  mated  half  bars  from 
328  cm'*  to  36  cm'*.  They  further  reported 
an  incidence  of  a  reduction  from  24  cm'*  to 
1  cm'*  in  crystal  grown  on  a  greater  X  seed. 


Another  technique  reported  by  Bernot  (1985)  concerns 
the  addition  of  various  fluoride  salts  to  the 
normally  used  aeid  etchants.  This  work  showed  that 
the  addition  of  KF  along  with  unnamed  secondary 
additives  to  either  HF  acid  or  ABF  greatly  reduced 
the  occurence  of  etch  pits  and  etch  channels.  Both 
of  these  results  were  reported  using  unswept 
comercially  available  quartz. 

The  motivation  for  developing  these  further  steps  was 
the  desire  to  fabircate  a  precise  altimeter  requiring 
an  etch  channel  free  active  area  and  a  chemically 
polished  surface.  This  combination  is  a  severe 
requirement  for  presently  available  material  and 
require!  swept  high  quality  material  and  special 
etchant  to  achieve  successful  fabrication.  This 
device  is  shown  in  Figure  12  (patent  4,479,070). 


FIGURE  12 


In  contrast  to  prior  Investigations,  the  1985  report 
Indicated  mat  most  dislocations  originated  within 
seeds  supplemented  by  a  small  number  nucleating  at 
inclusions.  The  1986  report  Indicated  that  .typical 
etch  channel  densities  of  under  50  cm'*  were 
possible  using  greater  X  seeds  and  pure  l  cultured 
quartz  nutrient.  Suitable  results  were  realized 
across  a  variety  of  vessel  surface  materials, 
mineralizers,  growth  rates,  and  seed  preparation 
methods. 

Croxall  et  al.  (1982)  created  quartz  with  dislocation 
density  of  under  10  cm'*.  Tne  method  was  based 
on  employing  a  noble  metal  vessel  surface,  nigh 
purity  nutrient  and  growtn  solution,  low  dislocation 
seeds,  and  standard  growing  conditions  appropriate  to 
sodium  hydroxide.  Tney  reported  the  appearance  of 
dislocations  in  the  seed  crystal  interface,  but 
reported  no  dislocation  generation  at  inclusions. 

Post  Culturinu  Processing 

Although  the  complete  elimination  of  dislocations  is 
desirable,  most  devices  can  tolerate  Uie  presence  of 
dislocation  densities  of  103  cm'*  or  greater 
and  many  photolithographic  uses  are  feasible  with 
densities  of  10*  cm'*.  However,  in  tne  case  of 
certain  devices  with  relatively  large  dimensions  and 
a  low  tolerance  for  dislocations  (especially  etch 
channels),  processes  designed  to  reduce  the  formation 
of  etch  pits  and  channels  in  the  presence  of 


Experimental 

With  the  long  term  objective  to  mate  available  com¬ 
mercially  produced  quartz  crystal  with  fewer  than  10 
etch  channels  cm**  and  50  etch  pits  cm'*,  a 
reliable  and  convenient  dislocation  characterization 
procedure  was  designed.  Other  experimental  activi¬ 
ties  involved  identifying  various  dislocation  types 
by  Lang  topography  and  exploring  tne  relationship 
between  dislocations  and  inclusions. 

Characterization 

The  first  step  of  the  Investigation  was  to  develop  a 
standard  technique  for  characterizing  dislocation 
defects.  Tne  two  available  methods  were  Lang  topo¬ 
graphy  and  etching.  The  etch  method  was  chosen  due 
to  its  relatively  low  cost  and  convenient  availabili¬ 
ty.  To  be  effective,  the  characterization  procedure 
had  to  be  consistent,  repeatible,  representative  and 
transferrable.  After  investigation,  the  following 
procedure  was  developed: 

AT  sample  orientation. 

Lapped  surface. 

ABF  solution  saturated  at  75°. 

Solution  agitated,  duration  approximately  2.5  hours. 
0.1  mn  minimum  material  removal. 
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To  oauin  villa  results,  U  is  especially  important 
to  assure  acetate  stocn  removal.  figure  13 
illustrates. 


DAAL01-86-C-0012  LABCOM 


FIGURE  1? 


Bulk  Inclusion  Study 

This  effort  was  to  Investigate  the  relationship 
between  etch  channels  ana  inclusions  In  the  hull;  of 
the  crystal.  An  historical  data  base  was  established 
from  66  production  runs  of  a  standard  crystal  type 
grown  to  an  average  Z  dimension  of  26  vw  on  a  Z  plate 
s«ed  with  X  37  mn  at  a  growth  rate  of  about  u.3b  ma 
day’1  under  standard  conditions  appropriate  for 
the  sodium  carbonate  process.  The  seed  population 
was  from  normal  production,  indicating  a  large 
variance  in  dislocation  density  was  expeeted.  The 
process  was  modified  through  two  series  of  changes. 
The  first  involved  decreasing  Dissolved  and 
particulate  impurities  in  the  growth  solution.  Tne 
second  stage  added  further  particulate  filtration. 

The  effect  on  etch  channel  density  is  shown  in  Figure 
14. 


MSP"  Ph ooo  I  SBiP 


FIGURE  14 


From  Beginning  to  end  me  etch  channel  density 
decreases  from  *ean  474  {standard  deviation  jis)  w 
mean  1>3  (standard  deviation  16*).  Aimaujn  n-H 
.jrantified,  U  1$  worth  noting  that  an  Important  part 
nf  mis  variation  is  the  result  of  test  variations. 
Inis  is  especially  true  in  me  «ase  of  nigh 
densities,  where  accurate  counting  is  difficult, 
using  an  anlysis  of  variance  technique  describes  i« 
Bo*,  Hunter  and  Hunter  (1*74),  no  significance  was 
discovered  between  me  initial  and  final  process 
regarding  inclusions.  However,  significance  was 
detected  regarding  etcr  channels.  Figure  l>,  a 
scatter  diagram  between  eien  channel  and  inclusion 
densities,  illustrates  tne  data  and  visually 
confirmed  a  lace  of  correlation  between  a 
concentration  of  me  various  species  of  hoi* 
inclusions  and  eten  channels. 
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Tentatively,  the  reduction  in  etc*  channels  across 
me  processes  has  been  attributed  to  either  a 
decrease  in  fine  particles  directly  deposited  on  me 
seed  or  serving  as  nuclcation  sites  for  plates, 
boxes,  etc.  wnicn  form  a  debris  plane  or  to  direct 
improvements  in  the  chemical  purity  of  me  solution. 

Identify  and  Catlouue  Inclusion  Species 

Since  little  effect  was  attributable  to  bolt 
inclusions,  a  microscopic  study  of  inclusions  was 
initiated,  with  special  emphasis  on  me  seed  crystal 
interface. 

Starting  at  tne  centerline  of  tne  seed  (Between  me  Z 
faces)  and  worKlng  outward  in  me  direction  of 
growth,  Figure  16  summarizes  me  results. 
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The  inclusion  density  showed  no  significant  changes 
throughout  the  same  variations. 
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FIGURE  16 


Figures  17  through 
Inclusion  species. 


illustrate 


various 


Inc  scale  wnleh  form  on  the  interior  surface  of  me 
steel  autoclave  wall  was  examined.  Tne  results  of  an 
SEH  photograph  are  sno*n  In  Figure  29. 


FIGURE  17  BU88LE 


FIGURE  IS  PLATE 


FIGURE  19  PLATE  SEH 
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FIGURE  20  SOX 


FIGURE  29 

This  has  long  been  suspected  as  a  source  of 
inclusions  in  cultured  .juarti.  Hoover,  as  a  result 
of  mis  investigation,  It  is  concluded  mat  eased  on 
dissimilar  morphologies  that  wall  scale  is  not  an 
important  source  of  inclusions  in  cultured  nuarte. 
Tentatively,  it  is  proposed  mat  inclusions  in 
cultured  guarti  largely  result  from  a  reaction  of 
elements  present  in  the  growing  solution. 


FIGURE  X  ClOlOJ 


Examining  We  figures,  it  is  seen  Wit  the  maximum 
cenjrast  w«  obtained  for  112102  and  me  minimum  for 
riuiOJ.  Consequently  u  of  the  dislocation  *as 
LlZlul.  Carrying  out  gxl  snows  Wit  the  direction  is 
[iWOJj,  peril  lei  to  the  C-exis.  Inspection  of  the 
topographs  snows  wat  most  of  the  dislocation  lines 
follow  mis  course  within  a  cone  of  awut  Id*.  The 
tepograpns  further  reveil  that  we  dislocation  lines 
either  oegin  in  we  seed  or  at  we  seed  crystal 
interface.  fr.e  interfaces  were  consistently 
characterized  by  dark  lines  parallel  to  we  X  axis 
[1010].  Ine  dislocation  density  at  we  interfaces 
was  high  ard  individual  resolution  was  not  possible. 
The  nature  of  we  dislocation  structure  emerged, 
however,  wnen  we  reflections  approached  the  lioloj 
direction  which  minimized  We  contrast  of  mast  of  the 
edge  dislocations,  figures  H  end  15  exhibit  strong 
contrasts,  indicating  a  dense  dislocation  structure 
which  remains  in  nigh  contrast  at  all  reflections 
without  definite  Burgers  vector.  Presumably  misfit 
dislocations  bridge  any  lattice  misorienution  or 
mismatch  between  we  seed  and  crystal.  Consequently, 
the  direction  of  Burgers  vector  varies  depending  on 
local  conditions.  It  is  likely  this  is  a  highly 
strained  region,  potentially  decorated  oy  impurity 
atoms. 

The  dislocation  cell  structure  discussed  by  Lang  and 
Hiuseov  (146?)  was  also  observed  In  wis  study.  Tne 
observed  diffraction  contrast  effects  associated  with 
the  wall  structure  suggested  mat  we  cell  walls  are 
depository  sites  for  impurities. 

Another  observation  of  this  study,  Indicating  a 
strong  possibility  of  We  impurity  segregation  at  we 
cell  walls,  concerns  We  presence,  of  fault  surfaces. 
Figure  37  is  a  l  cut  with  g  ■  [1012]. 


FIGURE  37  [1012] 


These  diffraction  effects  reveal  large  local  strain 
accumulation.  The  combination  of  internal  surfaces 
and  local  strain  intensification  are  factors 
conducive  to  impurity  segregation. 


Discussion 

Completed  research  indicates  tnat  substantial 
improvements  are  possible  in  reducing  dislocations  in 
cultured  quartz.  Although  hydrogen  content,  growth 
rate,  growth  conditions,  presence  of  point  defects, 
etc.  must  contribute  to  the  formation  and  propagation 


of  edge  dislocations  resulting  in  eien  pits  and 
Channels  during  etching,  present  evidence  suggests 
that  these  are  not  the  most  critical  issues.  Tne  two 
mast  important  factors  in  producing  samnercial 
quantities  of  low  dislocation  material  are  we 
availability  of  low  dislocation  seeds  and  an  improved 
understanding  leading  to  eventual  Control  ?f  the  seed 
crystal  Interface,  especially  We  effect  of 
inclusions  in  Wat  area.  From  work  nure,  it  is  not 
possible  to  make  a  statement  regarding  whether 
Inclusions  are  a  cause  of  cr  an  effect  of  a  highly 
strained,  misfit  dislocation  boundary.  Based  on 
Croxall  et  at.  (19dH),  It  seems  possible  to  grow  low 
dislocation  quartz  on  a  natural  seed  without  the 
presence  of  a  misfit  dislocation  boundary.  This 
points  to  labeling  We  inclusions  as  we  cause  and 
dislocations  we  effect. 

in  the  event  Wis  is  correct,  it  becomes  necessary  to 
bring  We  formation  of  these  inclusions  under 
improved  control.  Past  efforts  nave  focused  on 
overall  process  purity.  Including  growtn  In  noble 
metal  lined  vessels.  The  complex  chemistry  of  the 
system,  coupled  with  we  wide  range  of  temperature 
and  pressures  through  which  the  system  passes, 
indicates  that  a  large  variety  of  compounds  vauld 
nucleate  and  remain  stable. 

Tne  composition  of  etch  channels  remains 
unidentified.  Following  the  course  of  Buerger  (19sq) 
and  Co n on  (!%D),  we  direction  of  tne  investigation 
into  the  etcn  channel  contents  is  concentrating  on 
naturally  occurring  minerals  composed  of  elements 
present  In  We  culturing  system  navlng  structural 
compatibility  with  a  strained  quartz  lattice. 

*ne  cause  of  channel  formation  in  some  edge 
dislocations  and  not  others  is  unknown.  Available 
models  Imply  that  Impurities  are  required  to 
compensate  we  partially  unbonded  oxygen  surrounding 
the  core  of  We  dislocation.  Possible  explanations 
of  We  difference  in  eteh  behavior  are:  we 
possibility  some  closely  packed  bundles  exceed  an 
undetermined  critical  size  and  differences  In  we 
impurities  incorporated  or  We  structure  of  we 
incorporation.  The  mechanism  is  not  identified. 
However,  based  on  the  tendency  of  edge  dislocations 
with  similar  signs  to  repel,  We  first  possibility 
seems  unlikely.  Further,  the  large  reduction  in  etch 
channel  density  following  electrolytic  sweeping  could 
be  explained  by  changes  in  tne  composition  senetse  of 
the  dislocation  core,  tending  to  support  We  second 
possibility. 


Conclusions 

1.  Etch  channels  and  pits  arc  found  only  in 
association  with  dislocations. 

2.  Host  dislocations  in  the  Z-region  of  cultured 
quartz  are  of  the  cage  type  directed  approximately 
parallel  to  the  .direction  of  growtn  [U003]  wUn 
Burgers  vector  [l2lo]. 

3.  The  dominant  sources  of  dislocations  in  cultured 
quartz  are  the  seed  and  seed  crystal  interface. 

4.  Tne  seed  crystal  interface  is  composed  of  a 
variety  of  inclusion  species  and  exists  simultaneous¬ 
ly  with  bands  of  misfit  dislocations  which  by  an 
unknown  mecnanism  appear  to  increase  the  density  of 
edge  dislocations  in  the  growing  crystal.  Additional 
observations  concerning  the  interface  surface  are: 

A.  Bubbles  in  tne  seed  are  a  source  of 
dislocations. 
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9.  A  condition  of  dirt  and  taxes 

forms  4  debris  layer  very  early  in  me 
growth.  Combined  with  me  bubbles  mis  is 
referred  to  as  seed  veil.  As  me  density  of 
this  layer  increases  additional  dislocations 
sees  to  fora. 

C.  Ine  deorls  plane  coexists  with  a  band  of 
misfit  dislocations.  Tne  cause  and  effect 
relationship  between  nisfit  dislocations  and 
debris  is  not  determined. 

5.  Tne  dominant  source  of  solid  pnase  inclusions  in 
cultured  quaru  is  through  reaction  of  the 
constituents  of  the  system. 
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ETCH  fttS  AND  CHAWOS  IS  SWEPT 
AT-  AJiO  SC-OJT  QUAKT2 
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Summary 

Ctystallln*  quarts,  both  natural  and  cultured,  can 
have  several  types  of  Imperfections  which  can  affect 
processing  Into  frequency  control  devices.  The  etching 
of  quarts  In  fluortde-based  etchants  can  create  two 
forms  of  damage  within  the  structure  of  the  quartxt 
etch  pits  and  etch  channels.  Both  of  these  can  have 
adverse  effects  on  device  electrical  and  mechanical 
properties. 

The  polished  surfaces  necessary  for  the  production 
of  AT-  and  SC-cut  VHF  and  UHF  resonators  and  filters, 
tdten  deeply  etched,  clearly  show  all  resulting  etch 
pits  and  channels  on  an  otherwise  smooth  surface  under 
varying  conditions  of  Illumination.  Cultured  quarts 
from  several  suppliers  and  natural  quarts  has  been 
evaluated  for  etch  channel  and  pit  formation  before  and 
after  sweeping.  While  sweeping  has  greatly  reduced  the 
number  of  etch  channels,  it  Is  apparently  leas  effec¬ 
tive  In  eliminating  etch  pita.  Substantial  differences 
have  been  observed  among  material  from  different  sup* 
pliers.  Sven  greater  differences  have  been  observed  In 
the  sane  material  by  varying  the  etch  conditions. 


Introduction 

The  performance  requirements  of  quarts  frequency 
control  devices  continue  to  become  more  stringent. 
Particular  emphasis  Is  currently  being  placed  on  device 
performance  under  varying  conditions  of  shock,  vibra¬ 
tion,  temperature,  radiation,  and  aging.  As  a  con¬ 
sequence,  characteristics  of  the  crystalline  quarts 
used  In  these  devices  have  become  more  critical.  It  la 
Imperative  that  anomalous  behavior  of  the  material  be 
minimised,  allowing  theoretical  device  performance  to 
be  approached. 

The  controlled  etching  of  crystalline  quartz  la  a 
common  process  step  used  In  the  production  of  precision 
resonators  and  filters.  Although  It  Is  used  both  for 
frequency  adjustment  and  the  removal  of  prior  surface 
damage,  it  can  actually  create  two  forms  of  damage 
within  the  structure  of  the  quarts:  etch  pita  and  etch 
channels.  Both  forms  can  adversely  affect  device 
performance  In  a  number  of  ways. 

Prior  work  In  the  field  has  treated  the  formation 
of  etch  channels  and  their  reduction  by  various  means, 
predominantly  by  sweeping  (electrodlffuslon).  Vety 
little  has  been  said  concerning  etch  pit  formation  and 
reduction.  One  reason  may  be  that  the  current  techni¬ 
ques  commonly  used  for  viewing  etch  channels  do  not 
rcadLty  reveal  etch  pits  which  do  not  have  an  associ¬ 
ated  channel. 

We  are  Investigating  the  deep  etching  of  polished 
quarts  crystals  in  connection  with  the  development  of 
AT-  and  SC-cut  VHP  and  UIIF  resonators  and  monolithic 
filters.  In  connection  with  this  work,  we  have  evalu¬ 
ated  both  natural  quartz  and  cultured  quartz  from 


several  suppliers.  The  Incidence  of  etch  pita  and 
channels  was  measured  after  etching  both  unswept  and 
swept  material.  Sweeping  was  performed  by  PT1  at 
both  the  bar  and  blank  stages.  Substantial  dif¬ 
ferences  have  been  observed  among  material  from  dif¬ 
ferent  suppliers.  While  sweeping  appears  to  greatly 
reduce  the  number  of  etch  channels,  It  has  been  less 
effective  In  eliminating  etch  pits. 

Variations  were  made  In  etching  conditions  for 
both  AT-  and  SC-cut  crystals  with  significant 
differences  In  etch  pit  and  channel  counts.  The 
differences  resulted  from  varying  the  etch  tempera- 
turn,  pH,  and  basle  formulation.  The  results 
Indicate  that  Improvements  in  crystal  surfaces  can 
be  obtained  by  tailoring  the  etch  conditions  to  the 
particular  device  being  fabricated. 

Quarts  Material  Imperfection* 

Both  natural  and  cultured  quarts  contain 
material  Imperfections.  For  cultured  quarts,  which 
has  been  the  primary  object  of  our  Investigations, 
Imperfections  are  related  to  nutrient  composition 
and  growth  conditions. 

The  principal  Imperfections  tdilch  are  frund  In 
moat  commercially  available  cultured  quarts  are 
material  Impurities,  point  defects,  dislocations, 
and  Inclusions.  These  problems  are  often  Inter¬ 
related,  as  point  defects  and  dislocations  are  often 
caused  by  substitutional  <>r  Interstitial  Ions 
trapped  In  the  growing  quarts  as  well  as  by  the 
agglomeration  of  particular  Impurities  such  as 
acmlte  or  tuhuallte,  tdilch  are  also  trapped  during 
growth.1  There  have  been  Indications  that  bundles 
of  dislocations  may  be  a  source  of  etch  channel 
formation.2  3 

Our  primary  concern  has  been  for  die  phenomena 
which  occur  when  quartz  containing  one  or  more  of 
these  Imperfections  lc  chemically  etched,  especially 
pits  and  channels. 

Etching  of  Quartz 

The  chemical  etching  of  quartz  blanks  In 
fluorldc-based  etchants  has  been  a  common  production 
practice  for  many  years.  Etching  Is  performed  for  a 
variety  of  reasons.  It  can  be  used  as  a  post¬ 
lapping  frequency  adjustment  technique,  as  well  as 
to  remove  surface  damage  and  relieve  the  stresses 
associated  with  previous  lapping  operations.  It  can 
also  be  used  in  lieu  of  mechanical  polishing  to 
chemically  polish  lapped  blanks.*-2  Etching  is  used 
to  chemically  mill  complex  shapes  from  quartz 
plates;  examples  of  this  are  the  photolithographic 
production  of  tuning  fork  resonators  and  strip  reso¬ 
nators.  8  9  j|,e  selective  etching  of  a  central  dia¬ 
phragm  is  also  a  technique  used  for  the  production 
of  high  frequency  fundamental  resonators  and  filters 
In  the  VHF  and  UIIF  frequency  range.  10-15 
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Although  chemical  a  celling  lx  vary  useful  In  the 
production  of  quart*  devices,  It  can  alao  produce 
adverse  effect*.  The  improper  selection  of  etchant 
used  on  a  particular  cut  of  quart*,  for  Instance,  can 
roughen  the  surface  rather  than  smooth  it.*  5  tb 
Surface  Hcratc’ies,  edge  chip*,  and  crack*  all  act  a* 
acre**  amplifier*,  whose  free  energy  serve*  to  acceler¬ 
ate  local  etching  and  thu*  propagate  the  existing  flaw, 
this  serve*  to  further  degrade  the  surface  finish  of 
the  crystal.  Chemical  etching  can  also  result  In  the 
formation  of  etch  pits  and  etch  channels  In  crystal 
Mifers.  For  reasons  not  completely  understood, 
accelerated  preferential  etching  appear*  to  oceur,  with 
small  region*  of  the  blank  etching  considerably  faster 
than  the  hulk  of  the  surrounding  material.  Figure  t 
show*  many  small  oval-shaped  etch  pits  and  etch  chan¬ 
nels  (three  straight  dark  lines)  as  they  appear  on  a 
6.35  mm  diameter  10  Hll*  SC-cut  polished  blank  etched  20 
F*  In  Allied  Chemical's  Superwet  bOE-1235  etchant  at 
70*C. 


FIGURE  I.  Etch  Pit*  and  Channels  on  SC-Cut 
Crystal  (27X) 

Etch  Channels.  Etch  channels  are  small,  tubular 
passages  which  preferentially  etch  through  the  bulk  of 
the  quart*  at  a  much  faster  rate  than  the  surrounding 
material.  They  usually  form  along  the  original  quart* 
growth  direction;  thus  in  a  pure  Z-bar,  they  usually 
extend  outward  from  the  seed  In  the  Z-dlrectlon  of 
growth.  They  are  thought  to  be  related  to  extended 
dislocation  defects. 7  7  In  AT-  and  SC-cut  crystal 
blanks,  they  appear  as  small  pipes  or  channels  which 
often  extend  from  one  face  through  the  thickness  of  the 
blank  to  the  opposite  face.  Their  angle  of  penetration 
Is  related  to  the  angle  of  tha  crystal  cut. 

With  AT-cut  crystal  blanks  etched  In  fluoride- 
based  etchants,  the  etch  channel  usually  terminates  In 
n  characteristic,  fan-shaped,  ethc  pit  on  both  blank 
fnces.  The  degree  of  penetration  and  diameter  of  the 
tubule  (ranging  from  submicron  to  several  microns) 
usually  depend  upon  the  degree  of  etching  and  on  the 
etch  condl^ons.  Figure  2  is  a  photomicrograph  showing 
a  multitude  of  etch  channels  appearing  as  dark  straight 
lines.  Each  end  of  a  complete  channel  terminates  In  a 


fan-shaped  etch  pit.  The  blank  Is  a  pollshwi  6.35 
mm  diameter,  unswept  AT-cut  crystal  at  a  frequency 
of  10  MHr,  vdilch  has  been  etched  29  F-  In  a  satu¬ 
rated  solution  of  ammonium  blfluorlde  at  70*C. 


FIGURE  2.  Etch  Channels  on  AT-Cut  Crystal  (27X) 

Figure  3  Is  an  enlarged  view  of  the  central  region 
of  Figure  2.  because  of  the  limited  depth  of  field 
of  the  microscope  the  pits  on  the  upper  surface  of 
the  blank  are  In  focus,  while  the  pits  visible  on 
the  underside  of  the  blank  are  slightly  blurred. 


FICURE  3.  F.tch  Channels  on  AT-Cut  Crystal  (75X) 

Because  of  the  difference  In  crystallographic 
orientation  of  SC-cut  crystals  as  opposed  to  AT-cut 
crystals,  etch  channels  appear  differently  on  etched 
SC-cut  blanks.  The  etch  channel  terminates  In  a 
very  characteristic  etch  pit  which  Is  much  smaller 
than  that  formed  on  an  etched  AT-cut  blank.  The 
terminating  pit  usually  forms  on  one  face  of  the 
blank  only;  on  the  other  face  of  the  blank,  the 
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channel  exits  the  surface  a*  a  small  tubular  hole, 
Identical  to  th<  tubule  within  th«  bulb  of  the 
material.  Using  Cualtlerl'*  convention  for  SC-cut 
crystals  (plug  charge  on  relaxation  or  tension),  t 2  tha 
single  olt  associated  with  th«  channel  appears  on  th* 
mlnue  (-)  blank  face.  Mo  channel-associated  pit 
appears  on  tha  plug  (4)  (act,  Figure  4  la  a  photo¬ 
micrograph  ghowtng  two  atch  channels  at  they  appear  on 
tha  minus  fact  of  a  polished  10  MM*  SC-cut  Crystal 
U«lch  hag  baan  etched  20  F2  In  Superwet  HOC— 1235  at 
70*C.  Motlce  tha  aaall  atch  pit  extending  obliquely 
from  tha  and  of  each  channel.  Figure  5  la  a  view  of 
tha  same  two  atch  channels  a*  a  Hawn  In  Figure  4,  but 
vletmd  on  the  opposite  tide  of  the  blank,  ag  they  axle 
on  tha  plug  face.  there  lg  no  evidence  of  a  pit 
formation  on  thin  end  of  the  channel. 


FICURE  4.  Etch  Channels  on  SC-Cut  Minus  (-)  Face  (75X) 


FIGURE  5.  Etch  Channels  on  SC-Cut  Plus  (+) 
Face  (75X) 


Etch  Pits.  Etch  pits  are  small,  regular 
depression*  preferentially  etched  to  depths  of 
several  microns  Into  the  surface  of  the  quart*.  The 
shape  of  the  pit  Is  partially  dependent  on  the 
etchant  and  the  conditions  used  for  etching,  and 
partially  dependent  on  the  ctystal  cut.  Using  a 
variety  of  etchants  end  crystal  cuts,  we  have 
observed  at  leaac  ten  distinct  shapes  hut  have  never 
seen  more  than  three  distinct  shapes  of  pit  on  any 
single  surface  for  one  set  of  etch  conditions.  For 
AT-cut  crystals  the  pits  form  on  both  blank  faces, 
with  and  without  associated  channels.  with  SC-cut 
crystals  however,  the  pits  alone  normally  appear  on 
the  plue  face,  with  the  mlnua  face  emooth  except  for 
the  characteristic  pits  associated  with  channel 
formation,  as  described  above.  For  AT-cut  crystals, 
the  pits  tdilch  appear  at  the  termination  of  channels 
are  generally  similar  In  appearance  to  the  pits 
which  are  not  associated  with  any  obvious  channel. 
However,  the  small  pits  which  appear  on  the  minus 
face  of  SC-cuc  crystala,  associated  with  etch  chan- 
nela,  are  distinctly  different  In  stxe  and  shape 
from  the  larger  pit  Utlch  form  on  the  plue  face,  not 
In  connection  with  any  channels.  Figure  6  Is  « 
photomicrograph  of  the  aurface  of  a  10  MH*  polished 
SC-cut  crystal  which  has  been  etched  20  F2  In 
Superwet  ROE-1235  at  7Q*C.  Two  dlatlnctlvely  shaped 
pits  with  differing  axial  orientation  are  visible. 


FICURE  6.  Etch  Pits  on  SC-Cut  Plus  (+)  Face  (75X) 

Figure  7  shows  the  same  crystal  at  higher  magnifica¬ 
tion.  We  have  observed  pits  similar  to  the  largest 
pit  visible  in  Figure  7  which  seem  to  exhibit  a 
right  and  left  handedness;  that  Is,  the  conical 
point  can  project  in  two  different  directions  In 
pits  appearing  on  the  same  blank. 
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1)  H*V*  AT-Cut  »Ue« 

2)  Up  to  remove  *aw  damage 

3)  Etch  in  Ammonium  tifluorlde  at  73'C  (or  2  hr* 

4)  Examine  at  30 X  with  edge  illumination 

5)  Court  channel*  In  2.5  m*  (.I0“)  square  grid* 

6)  Compute  average 


FIGURE  8.  TV  picul  Up/Etch  Procedure  (or  Etch 
Oiannel  Determination 


The  topography  which  re*ult*  (roa  a  lapped  «ur- 
(aee  (Inteh  which  has  been  etched  1*  atlll  quite 
rough  and  covered  with  many  hlllocV*  and  deprea- 
*lon*.  Figure  9  l*  a  photomicrograph  o(  a  quartz 
allce  prepared  a*  described  in  Figure  8,  with  a 
(Inal  lapping  abrasive  o(  3  ua  used  prior  to 
etching. 


FIGURE.  7.  Etch  Pit*  on  SC-Cuc  Flu*  (+)  Face  (170X) 
Consequence*  of  itch  Dejecta 

The  formation  of  etch  pita  and  etch  channel*  can 
adversely  affect  the  performance  o (  quarts  frequency 
control  devices  in  a  number  of  ways.  The  Mlgnlf icance 
of  these  effect*  is  dependent  on  the  end  use  to  which 
the  devices  are  applied.  The  presence  of  bulk  defects 
such  as  these  can  decrease  the  structural  strength  of 
quarts  crystals,  resulting  in  lower  production  yields 
and  lower  shock  and  vibration  performance.  The 
cavities  formed  by  pit*  and  channels  can  act  to  entrap 
contaminants  during  processing,  causing  a  degradation 
in  the  aging  performance  of  precision  devices.  The 
submicron  and  micron  diameter  channel*  can  act  a* 
capillary  tubes  which  hold  liquids  tenaciously  after  a 
wet  processing  stage.  It  can  be  very  difficult  to 
effectively  rlnsa  contaminants  from  these  tubes. 

The  presence  of  surface  and  bulk  voids  can  cause  a 
degradation  of  resonator  characteristics  —  lower 
device  Q's  and  degraded  mode  spectra. 

A  current  technique  for  the  production  of  VHP  and 
UIIF  fundamental  crystal  resonators  Is  to  selectively 
etch  a  central  diaphragm  on  a  crystal,  leaving  a  thick 
outer  ring  foe  structural  support.  Prior  work  done  at 
PT1  resulted  In  crystal  resonators  which  had  central 
diaphragms  as  thin  ns  0.9  um. 13-15  it  is  obvious  Clin c 
the  presence  of  pits  and  channels  can  result  In  catas¬ 
trophic  membrane  rupture. 

Etch  Channel  Determination 

There  has  been  a  problem  In  the  quartz  crystal 
Industry  in  past  years  as  far  as  the  determination  of 
the  Inherent  etcli  channel  density  of  a  given  sample  of 
quartz.  Each  vendor  and  end-user  has  had  their  own 
preferred  technique  for  this  determination,  with  little 
or  no  comparability  between  them.  A  typical  procedure 
used  for  etch  channel  determination  is  shown  in  Figure 
8;  often  the  lapping  stage  is  eliminated  and  the  blanks 
are  etched  as  sawn. 


f 


FIGURE  9.  Etch  Channels  on  a  Lapped/Etched  Surface 

The  magnification  in  the  illustration  is  27X,  with 
edge  Illumination  directed  in  from  the  -X  direction. 
If  this  is  compared  with  the  earlier  photographs 
allowing  pits  and  channels  on  a  polished  surface,  It 
Is  obvious  that  small  or  partial  etch  channels  may 
not  show  up  on  a  lapped  or  sawn  surface  which  has 
been  etched.  Figure  10  shows  the  exact  same  sec  on 
of  quartz  slice  as  Figure  9,  but  with  top  lliumMi- 
tion.  The  etch  channels  which  appeared  ns  bright 
lines  in  Figure  9  appear  as  fine  dark  lines  In 
Figure  10.  What  is  also  noticeable  in  Figure  10  is 
that  the  surface  finish  is  so  rough  that  only  the 
larger  etch  pits  are  obvious;  the  smaller  pits  are 
lost  in  the  surface  topography. 
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FIGURE  10.  Etch  Channels  on  «  Lapped/Etched  Surface 
with  top  Illumination  (27X) 

At  PTl  w  have  been  working  toward  the  production 
of  VHP  and  UHF  AT-  and  SC-cut  resonators  and  monolithic 
filters  using  chemical  etching.  In  order  to  optimise 
production  yields  we  have  tested  and  characterised 
quarts  from  a  number  of  vendors  In  a  manner  which  was 
consistent  with  our  production  requirements.  It  has 
been  necessary  to  minimise  the  numbers  of  both  pits  and 
channels  In  our  crystal  blanks.  Our  test  for  etch  pits 
and  channels  therefore,  must  be  more  sensitive  than  the 
usual  test  for  etch  channels.  Ue  must  perform  a  high 
quality  polish  operation  on  the  particular  quarts  cut 
which  we  are  using,  and  etch  the  blanks  under  con¬ 
ditions  similar  to  our  actual  conditions.  Figure  11 
gives  an  abbreviated  description  of  the  procedure  used 
at  PTl  to  characterise  quarts  for  our  VHF  and  UUP 
crystal  program. 


1)  Cut  blank  at  appropriate  angle 

2)  Lap  to  specification 

3)  Polish  to  remove  surface  and  subsurface 

damage 

A)  Etch  In  appropriate  etchant  at  desired 
temperature 

5)  Examine  at  50-lOOX  with  top  Illumination 

6)  Count  channels  and  pits  In  known  field  of 
view 

7)  Compute  averages 


FIGURE  11.  PTl  Etch  Channel  and  Pit  Measurement 

As  can  be  seen  In  the  photographs  Included  in 
Figures  1-8,  the  resulting  finish  Is  an  extremely 
smooth  surface  which  clearly  shows  all  pits  and 
channels  without  the  need  for  edge  Illumination.  Two 
groups  of  uuswept  quarts  from  separate  vendors  were 
tested  using  the  procedure  outlined  In  Figure  8  and  the 
PTX  procedure  shown  in  Figure  11.  The  final  abrasive 
used  for  the  former  test  was  3  ua  nominal  diameter. 
The  results  of  the  channel  counts  are  Included  in  Table 
1. 


TAX  LX  1 


Etch  Channel  Measurement  Comparison 


Supplier 

Cbannela/e*2 

Lap/Kteh  Method  PTl  Method 

A 

310 

507 

B 

31 

121 

The  samples  used  for  this  test  were  Intended  to 
be  swept,  therefore  the  seeds  had  previously  been 
split  out  of  them.  For  the  lap/etch  method,  since 
the  entire  width  of  the  plr.te  Is  used,  the  measure¬ 
ment  Includes  the  area  Immediately  adjacent  to  the 
seed.  The  channel  density  for  vendor  A  was  quite 
uniformly  high  all  the  way  across  the  sample,  but 
vendor  It  had  s  high  count  within  1.23  mm  of  the  seed 
area,  and  a  considerably  lower  count  over  the 
balance  of  the  sample.  If  the  area  within  1.23  mm 
had  been  excluded  from  the  count  for  supplier  H,  the 
count  would  have  dropped  from  SI  to  23  channel a/ea2; 
whereas  with  supplier  A  It  would  have  remained 
essentially  constant. 

Material  evaluations  were  performed  on  natural 
quart*  and  cultured  quarts  from  five  suppliers  for 
the  purpose  of  developing  UIIF  SC-cut  resonators  to 
frequencies  of  1000  Mils.  All  cultured  samples  were 
swept  at  PTl  and  tested  In  accordance  with  the 
procedure  outlined  in  Figure  11.  The  blanks  were 
SC-cut  and  were  etched  In  Allied  Chemical's  Superwet 
HOE-1233  etchant  at  70*C  for  a  material  removal  of 
20  F2.  The  results  ara  shown  In  Table  2. 


TABLE  2 

SC-Cut  Etch  Channel  ami  Pit  Density  - 
Supplier  Comparison 

Material  Channel «/cm2  Pits/ cm2  X  Blanks  U/Channels 


Natural 

0 

7A6 

0 

A 

32 

1196 

56 

B 

6 

A18 

5 

C 

16 

601 

D 

10 

830 

40 

K 

0* 

A15 

0* 

*  see  text 

Although  supplier  E  hod  no  visible  channels 
before  or  after  sweeping,  the  etch  pits  which  are 
normally  only  associated  with  channels  and  appear  on 
the  minus  face  are  still  present.  The  count  for 
these  channel-related  pits  was  39/cra2,  higher  than 
the  channel  count  for  any  other  group.  Eighty-eight 
percent  of  the  blanks  examined  from  group  E  con¬ 
tained  these  pits.  Although  these  channel-related 
pits  have  been  observed  without  any  associated  chan¬ 
nel  before,  they  are  normally  rare.  In  addition, 
the  minus  face  of  the  blanks  from  group  F.  also  con¬ 
tained  an  additional,  small,  elongated  pit  which  has 
never  been  observed  before,  and  is  not  associated 
with  channels. 
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Sweeping  of  Quat'ts  for  Fit  and  Channel  Reduction 

Sweeping  ha«  long  be%r.  u**d  to  Improve  the  proper¬ 
tied  of  cultured  «^usrt*.,®"*,  Vig,  «t  al,  first 
observed  thdt  sweeping  could  be  effective  In  reducing 
the  Incidence  of  etch  channels  In  quarts.4  the 
mechanism  by  which  sweeping  cffectd  the  reduction  of 
etch  chennel*  Id  not  fully  understood,  Typical  sweep¬ 
ing  conditions  that  FTl  hss  used  to  effectively  reduce 
the  Incidence  of  chsnnels  end  pttd  ere  shown  In  Table 
3. 


TABLE  3 

Typical  Sweeping  Conditions  for  Channel 
and  fit  Reduction 


TAR  Ml  5 

SC-Cut  F.tch  Fit  Reduction  ty  Sweeping 

Flts/cm2  Fereent 

Supplier  Unswept  Swept  Reduction 

C  2,082  601  n 

t)  1,465  830  43 

F.  1,581  4l  S  74 

mean  62. IX 

A  comparison  with  the  data  In  Table  6  shows 
that  the  Incidence  of  etch  pits  Is  not  reduced  as 
effectively  by  sweeping  as  Is  the  Incidence  of  eceh 
channels.  The  reasons  for  this  are  not  clear. 


.  500-540*  Centigrade 

.  1000-2000  Volts/cm  PC  applied  In  Z-axls  direc¬ 

tion 

.  Controlled  atmosphere 

.  Sweep  to  determined  endpoint,  usually  steady- 
state  current 


Material  from  the  five  suppliers  of  cultured 
quarts  referred  to  In  Table  2  was  examined  for  pie  and 
channel  density  both  before  and  after  sweeping.  All 
samples  Mire  SC-cut  blanks,  prepared  from  matched 
halvea  of  the  same  bars,  one  swept  and  one  unawept. 
They  were  then  etched  In  HOE-1235  at  70*C  for  a  removal 
of  20  K2,  The  results  of  etch  channel  counts  tor  all 
groups  are  given  In  Table  4. 


TABLE  4 


SC-Cut  Etch  Channel  Reduction  by  Sweeping 


Supplier 

Channels/cm2 
Unawept  Swept 

Percent 

Reduction 

A 

507 

32 

94 

B 

121 

6 

95 

C 

278 

16 

94 

D 

256 

10 

96 

E 

2* 

0* 

100 

*  see 

text 

mean  95. 82 

As  described  above,  the  minus  face  of  the  blanks 
frou  group  E  contained  lone  pits  which  sre  normally 
associated  with  channels,  but  In  this  esse,  no  channels 
were  apparent.  The  count  for  these  particular  pits  was 
121/cm4  before  sweeping,  and  39/cm2  after  sweeping, 
giving  a  682  reduction  through  sweeping.  The  signifi¬ 
cance  of  the  occurrence  of  these  isolated  pits  on  the 
minus  face  is  not  understood. 

Blanks  from  three  suppliers  were  examined  for  etch 
pits  In  same  manner  as  those  prepared  for  the  channel 
count  given  In  Table  4.  The  results  are  given  in  Table 
5. 


Two  groups  of  quartx  were  swept  as  blanks  and 
v'tam.tv.'d  for  etch  channels.  Blanks  from  the  same 
bars  were  processed  In  a  similar  manner  except  that 
half  of  the  blanks  In  each  group  was  swept  while  at 
a  frequency  of  6  Mils,  a  thickness  of  approximately 
C.3  mm.  Ail  blanks  were  lapped  and  polished  to  10 
MHs,  then  etched  15  F2;  tun  \T-tuts  In  saturated 
ammonium  blfluorlde,  and  the  Si-nuts  In  BOE-I23S, 
both  at  70*C.  All  blanks  were  examined  for  etch 
channel  density,  the  results  are  shown  In  Table  6. 

TABLE  6 

Channel  Reduction  for  Swept  Blanks 


ChnnneU/cm2  Percent 


Cut 

Etchant 

Unawept  Swept 

Reduction 

AT 

Ammonium  Blfluorlde 

436 

82 

81.2 

SC 

Superwec  B0E-I235 

507 

18 

96.5 

The  material  used  for  this  experiment  was  not 
from  the  same  sources  for  the  AT-  and  SC-cuts.  This 
may  account  to  some  degree  for  the  difference  In 
apparent  ’.weeping  effectiveness  between  the  two 
groups. 

Etching  Variables 

The  chemical  etching  of  crystalline  quarts  is 
sensitive  to  a  number  of  variables  which  affect  the 
quality  of  the  end  product.  Factors  such  ns  the 
quarts  cut,  etchant  chemistry,  temperature,  and 
degree  of  agitation  have  all  been  observed  to  have 
an  influence  on  etch  quality, 

A  scries  of  experiments  was  conducted  to  deter¬ 
mine  if  any  of  the  variables  also  affected  the 
incidence  of  etch  pits  and  etch  channels.  All  work 
was  performed  using  swept  material,  but  different 
series  of  experiments  used  quartz  from  different 
suppliers.  Within  each  experiment  all  quarts  used 
was  from  the  same  bar. 

The  first  experiment  was  to  determine  the 
effect  of  different  etchants  on  AT-cut  blanks.  SC- 
cut  blanks  were  not  evaluated  because  preliminary 
work  showed  that  only  one  etchant  used,  B0E-1235  was 
capable  of  maintaining  a  polished  surface.  The 
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other  two  euhani*  chosen  were;  saturated  ammonium 
blfluorlde  and  'Utctcc  Etch',  a  proprietary  etchant 
manufactured  by  Photo  Quart*,  Inc.  When  SC-cut  blank* 
Mira  etched  in  saturated  ammonium  blfluorlde,  pits 
formed  on  the  plus  face  and  the  Minus  face  became 
frosted.  Interestingly,  when  SC-cut  blanks  were  etched 
In  'lattice  Rich',  very  Maty  saall  pits  fonsed  on  the 
Minus  face  and  the  plus  face  became  frosted.  In  both 
cases  they  were  unusable  for  UHF  resonators. 

The  swept  AT-eut  blank*  ware  etched  17  F*  at  70* 
In  three  dlffurent  etchants,  the  pits  and  channels 
ware  then  counted,  the  resulting  data  Is  shown  In  table 
7. 


TABLE  7 

Etchant  Effects  on  Channel  and  Pit  Koraatton 


Etch  Kate 


Etchant 

(um/mln) 

Channel a/ca? 

Plw/em^ 

Ammonium  Blfluorlde 

0.566 

38 

1,342 

Superwet  HOE-1235 

0.023 

658 

1,373 

Lattice  Etchant 

0.210 

0 

505 

While  HOE-1235  Is  an  effective  etchant  for  SC-cut 
crystal*,  It  Is  not  the  choice  for  AT-cut  crystals. 
Figure  12  Is  a  view  of  one  of  the  crystals  etched  In 
HOE-1235,  the  holes  which  are  completely  through  the 
blank  appear  to  be  where  etch  channels  were  (orated, 
each  with  Its  corresponding  pair  of  etch  pits.  Figure 
13  Is  a  more  magnified  view  of  the  anise  crystal.  Host 
of  the  pits  occur  In  pairs,  with  one  occurring  on  each 
side  of  the  blank,  each  oriented  at  an  acute  angle  with 
Ice  corresponding  pit  on  the  other  face.  Even  Chough 
the  blank  waa  riddled  with  holes,  It  ms  quite  strong 
and  easily  handled. 


FIGURE  12.  AT-Cut  Crystal  Deeply  Etched  In 
BOE-1235  (27X) 


FIGURE  13.  AT-Cut  Crystal  Deeply  Etched  In 
HOE-1235  (75X) 

It  was  observed  In  this  experiment  that  the 
etch  rates  varied  by  a  factor  of  25:1.  Another 
experiment  was  conducted  to  determine  the  effects  of 
small  variations  In  etch  rate  with  saturated 
ammonium  blfluorlde.  Tills  etchant  was  chosen 
because  It  Is  relatively  easy  to  vary  Its  pll,  which 
has  a  marked  effect  on  etch  rate.  The  nominal  etch 
rate  of  the  ammonium  blfluorlde  used  for  tills 
experiment  was  0.3-0. 4  um/mln.  for  double-sided 
etching,  as  mixed.  The  etch  rate  was  lowered  ty  the 
addition  of  small  amounts  of  ammonium  hydroxide, 
which  raises  the  pH.  The  etch  race  was  raised  »y 
small  additions  of  hydrofluoric  acid,  which  lowers 
the  pH.  As  commercial  ammonium  blfluorlde  Is  manu¬ 
factured  by  the  reaction  of  ammonia  with  hydro¬ 
fluoric  acid,  our  choices  for  addition  agents  Intro¬ 
duced  no  foreign  species. 

The  swept  AT-cut  blanks  were  etched  17  F^  nt 
70*C  111  all  three  cases.  The  resulting  data  Is 
shown  In  Table  8. 

TABLE  8 

Etch  Rate  Effects  on  Channel  and  Pit  Formation 

Etch  Rate  (um/mln)  Channel s/cm^  Plts/cm^ 

0.2  267  3,400 
0.3  70  2,680 
0.5  3  1,550 

The  group  of  blanks  which  were  etched  at  0.5 
um/mln.  showed  a  very  slight  texturing  effect  on 
their  surface.  The  differences  in  pit  and  channel 
densities  are  dramatic. 

The  last  group  of  experiments  were  conducted 
with  both  AT-cut  crystals  and  SC-cut  crystals.  In 
these  experiments,  only  the  temperature  was  varied, 
all  other  conditions  were  held  constant.  For  both 
groups,  the  swept  crystals  were  etched  17  F^;  satur- 
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aud  ammonium  blfluorlde  ws,*  used  for  she  AT-ctus,  ami 
♦OE-1235  w*  used  for  she  SC-cut*,  for  hath  troupe, 
she  etch  rasa  given  1*  for  double-* ld*d  etching. 

The  reuniting  data  for  the  AT-cut  blank*  1*  shown 
In  Table  9. 


TABLE  9 

Temperature  Effects  on  AT-Cut  Channel  and 


Pit  Formation 

Etch  Kata 
(ua/mtn) 

Channaln/cmS 

Plta/em* 

25 

.0269 

7 

39 

70 

.566 

38 

1,342 

It  1*  Interesting  to  nute  that  In  this  case  the 
pit  formation  was  suppressed  considerably  more  than  was 
channel  formation  at  the  lower  temperature.  both 
channel  and  pit  density  were  lower  at  the  lover  etch 
temperature. 

The  results  for  the  same  experiment  performed  with 
SC-cut  blanks  Is  given  in  Table  10. 


number  of  variables.  Some  of  the  faetara  which  have 
been  shown  to  have  a  significant  effect  on  pit  and 
channel  density  are  quam  quality,  aru-le  of  cut, 
etchant  chemistry,  and  temperature. 

The  Incidence  of  etch  pits  and  channels, 
together  with  their  particular  geometries,  only  have 
meaning  under  a  very  specific  set  of  etching  con¬ 
ditions.  Tor  the  numbers  to  have  real  meaning,  the 
tests  should  be  representative  of  the  Intended 
process  used  to  fabricate  devices.  As  has  been 
shown,  relatively  small  changes  In  process  para¬ 
meters  can  have  significant  effects  on  the  quality 
of  the  end  product. 


This  work  was  supported  In  part  by  die  U.S. 
Arsy  Laboratory  Cotmaand  under  Contract  UiV.t.Ol-86-C- 
0006. 
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.0129 

0 

19,990 

45 

.0411 
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70 

.130 

16 

601 
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ABSTRACT 

Previously,!  we  reported  that  electrode- 
metal  diffusion  during  sweeping  could  bo 
suppressed  by:  l)  reduction  of  2-curface 
damage  prior  to  electroding,  2)  application  of 
metal-foil  electrodes  under  pressure  as  an 
alternative  to  metal-evaporated  or  sputtered 
electrodes,  3)  use  of  diffusion  barrier 
metallizations  prior  to  metal  evaporation,  and 
4)  by  use  of  refractory  films  between  metal- 
foil  electrodes  and  the  quartz. 

Sweeping  has  been  shown  to  result  in 
significant  reductions  in  etch-channol 
density.2  Observations  of  etch  resistance 
at  metal-decorated  dislocation  sites  suggest 
that  suppression  of  elcctrodc-metal  diffusion 
results  in  higher  etch-channel  densities  than 
when  the  diffusion  is  not  suppressed.  Higher 
etch-channel  densities  wore  found  with  all  of 
the  suppression  techniques  listed  above. 

We  found  cathode  surfaces  to  be  noro 
resistant  to  etching  than  anode  surfaces  after 
sweeping  with  gold  diffusion  allowed,  (i.o. 
the  suppression  procedures,  listed  above,  wore 
not  used) .  When  gold  diffusion  was  suppress¬ 
ed,  the  etched  surfaces  resembled  unswopt 
samples.  SC-cuts  removed  from  gold  diffusion- 
allowed  samples  showed  improvement  in  chemical 
polishing  when  compared  with  gold  diffusion- 
suppressed  samples.  Again,  diffusion-suppres¬ 
sed  samples  resembled  unswept  samples. 

Applying  normalizcd-difference  spectro¬ 
scopy  to  both  swept  and  unswopt  samples,  we 
found  substantial  enhancement  of  0H“  absorp¬ 
tion  bands  in  samples  where  electrode-metal 
diffusion  was  allowed  versus  samples  where  it 
was  suppressed.  The  number  of  singly  charged 
ions  transported  during  sweeping  correlated 
with  the  increased  H+  ion  content  calculated 
from  the  enhancement  of  OH"absorption  bands  in 
samples  representing  two  different  grades  of 
quartz.  Neutron  activation  analysis  of  these 
samples  revealed  large  decreases  in  the  level 
of  sodium  after  sweeping  with  gold  diffusion 
and  much  smaller  decreases  when  the  diffusion 
was  suppressed. 

These  findings  indicate  that  suppression 
of  electrode-metal  diffusion  usually  involves 
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suppression  of  H+  ion  diffusion  into  the 
sample,  which  degrades  the  sweeping  efficien¬ 
cy.  it  seems  very  likely  that  differences  in 
reported  sweeping  officioncy1/^,*  related 
to  the  capability  of  the  electrode  to  catalyze 
the  introduction  of  hydrogen  into  the  quartz. 


INTRODUCTION 

We  have  previously  reported  that  elec¬ 
trode-metal  diffusion  into  quartz  during 
sweeping  reduces  the  etch-channol  density. 4 
Presumably,  metal  that  diffuses  into  the 
quartz  fills  the  regions  (dislocations  and 
growth  tunnels)  that  will  be  the  sites  of 
future  etch  channols.  This  filling  and  the 
accompanying  modification  of  the  chemical 
roactivity  of  the  region  are  not  presently 
understood,  since  we  have  found  ways  to  limit 
or  suppress  the  electrode  diffusion,  we  used 
the  same  techniques  to  determine  their  in¬ 
fluence  on  etch-channel  density.  During  the 
course  of  the  etch-channel  investigation,  we 
found  that,  after  electrode-diffusion-allowcd 
sweoping,  cathode  Z-surfaces  were  more  resis¬ 
tant  to  etching  than  Z-surfaces  of  unswept  or 
electrode-diffusion-suppressed  material.  This 
result  prompted  a  study  to  determine  if  sc-cut 
surfaces  cut  from  the  differently  swept  bars 
would  show  similar  reactivity  difference  when 
using  chemical  polishing  solutions.  Other 
studios1/4  showed  that  the  total  transported 
charge  during  sweeping  could  be  related  to  the 
electrode  diffusion.  Kats5  has  shown  how 
transported  charge  can  be  related  to  the 
increase  in  H+  content  by  evaluating  the 
difference  in  OH"  infrared  absorption  after 
sweeping.  Many  workers  have  subsequently 
found  differences  in  OH"  infrared  absorption 
after  sweeping,  reinforcing  the  concept  that 
H+  replaces  interstitial  alkali  as  charge 
compensation  for  different  amounts  of  as-grown 
A1  in  substitutional  Si  sites.  Kats  used 
theory  developed  by  Crawford6  and  infrared 
difference  measurements  to  determine  the 
increase  in  11+  content.  We  decided  to  use 
infrared  absorption  to  determine  if  electrode¬ 
diffusion  during  sweeping  could  be  related  to 
OH"  absorption.  It  was  apparent  that  the 
required  infrared  measurements  and  calcula¬ 
tions  could  be  accomplished  automatically 


using  computer-aided  Fourier  transfers  Infra¬ 
red  (FTIRJ  spectrophotometry.  our  Initial 
findings  and  previous  experimental  work  of 
others  prompted  this  investigation. Our 
ais  was  to  improve  the  technology  of  sveeping 
by  developing  methods  of  evaluating  the  elee- 
trode-diffusion  suppression  and  its  influence 
on  etchlng«  chenlcal  polishing  and,  !!*■  ion- 
alkali  ion  replacement. 


ssiimim&kssma 

Cultured  quarts  from  domostic  suppliers 
was  used  in  this  inver^igation.  The  quarts 
was  lumbered  into  Y-bars  or  SC-bars  after  seed 
removal. 1  Two  alectrode  typos  usually  result¬ 
ed  in  diffusion  of  electrode  notorial  into  the 
quarts.  Those  were  oither  evaporated  notal- 
llsationo  applied  directly  to  tho  3-surfaces 
or  Pt-foil  electrodes  pressed  against  the 
quarts.  Cold-plated  nolybdonun  lends  wore 
welded  to  tho  notal  electrodes.  To  suppress 
oloctrode  diffusion,  a  nunber  of  nethods  were 
used,1  which  included: 

(1)  Evaporating  compounds  such  as  Ti02 
between  the  gold  notallisation  and 
tho  quarts  Z-surfncos. 

(2)  Coating  the  quarts  Z-surfacca  with 
paintabla  boron  nitrida,  then 
applying  Pt-foil  electrodes  undor 
pressure. 

(3)  Znsorting  sapphire  plates  botwaon 
tho  electrode  and  tha  quarts  Z- 
sur faces. 

(4)  Roducing  Z-surfaco  danngo  using 
nochanical  and/or  chcnical 
polishing. 

All  swooping  was  porfornod  in  air. 
Tonporaturo  romped  sweeping  was  enployed,  a 
description  of  tho  procedure  was  givon  pre¬ 
viously.4  At  tho  conplotion  of  each  run,  a 
conputor-gonorated  plot  of  currant  density 
versus  tine  was  recorded  and  tho  charge  trans¬ 
ported  per  unit  volume  was  computed.  An 
Arrhenius  plot  of  tho  product  of  conductivity 
and  tiraa  vorsus  inverse  temperature  was  ob¬ 
tained  for  tho  entire  run.  Fourier  transform 
infrarod  spectrophotometry  was  used  to  obtain 
room-temperature  infrared  absorption  duo  to 
OH“  vibrations  before  and  after  sweeping.  Tho 
spectrophotometer  was  a  Porkin-Elncr  modal 
1550. 


EXPERIMENTAL  OBSERVATIONS 

After  sweeping  with  aloctrode-motal 
diffusion  allowed,  wo  found  that  dislocations, 
which  are  tho  principal  source  of  etch  chan¬ 
nels,  are  usually  decorated  with  what  appear 
to  bo  colloidal  particles  of  metal.4  In  Fig. 
1,  we  show  a  photomicrograph  of  an  AT-cut 
sample  cut  from  a  bar  which  was  swept  allowing 
gold  diffusion.  The  sample  was  subsequently 
etched  in  ammonium  bifluoride  to  reveal  etch 
channels.  A  group  of  gold-decorated  disloca¬ 
tions  (colored  purple) ,  all  intersecting  the 
surface,  have  resisted  the  etchant.  Close  by, 
an  undeccrated  dislocation  has  been  etched. 
In  this  sample,  we  found  26  decorated  disloca- 


GOLD-DIFFUSION-ALLOWED  SAMPLE 


ETCH  CHANNEL  GOLD-DECORATED 

DISLOCATIONS 


Figure  1.  Photomicrograph  of  an  AT-cut  sanplQ 
swopt  with  gold  diffusion  allowed. 
Cold-decorated  dislocations  all 
resist  etching.  Undecorated 
dislocations  nr<  sites  of  etch 
channels. 


Table  I 


SUPPRESSION  OF  ELECTRODE  DIFFUSION 
vs  ETCH-CHANNEL  DENSITY 
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tions  that  iU  resisted  etching-  w«  Also 
observed  13  «tch  channels,  none  of  which 
displayed  any  decoration.  Every  suppression 
technique  wo  applied,  using  different  grades 
of  quartz,  resulted  In  a  smaller  decrease  in 
etch-channel  density.  This  Is  evident  in  tho 
list  cospiled  in  Table  1. 

while  studying  the  suppression  of  elec¬ 
trode  diffusion  during  sweeping  versus  etch- 
channel  density,  we  noticed  that,  after  etch¬ 
ing,  cathode  surfaces  were  much  smoother  than 
anode  surfaces.  This  etching  difference  was 
found  no  hold,  even  if  the  surfaces  were 
ground  to  a  depth  of  100  /i»,  repolished,  and 
etched  again.  In  Pig.  3,  we  show  photomicro¬ 
graphs  of  etched  cathode  and  anode  surfaces 
found  after  sweeping  with  gold  diffusion, 
allowed  and  suppressed,  compared  to  an  etched 
unswept  2-surface.  Later,  we  will  show  that 
suppression  of  electrode-metal  diffusion 
involves  suppression  cf  hydrogen  diffusion, 
for  this  reason,  references  to  the  diffusion 
of  hydrogen  are  included. 

Newt,  we  studied  the  chemical  polishing 
of  SC-alabs  cut  from  the  bulK  of  the  swept 
quartz  bars.  (A  discussion  of  polarity  iden¬ 
tification  of  SC-surfaces  is  given  in  the 
Appendix.)  Using  a  standard  chemical  polish- 


ETCHING  VERSUS  ELECTRODE  DIFFUSION 
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Figure  2.  Photomicrograph  of  cathode  and 
anode  surfaces  after  sweeping  with 
gold  and  hydrogen  diffusion-allowed 
and  -suppressed  compared  with 
unswept. 


ing  solution,  we  found  that  the  diffusion- 
allowed  samples  were  polished,  but  the  diffu¬ 
sion-suppressed  samples  were  not  polished. 
Samples  that  were  unswept  (exposed  to  a 
similar  temperature  ramping  without  any  elec¬ 
tric  field)  were  also  not  polished.  (See 
Fig.  3.) 


CHEMICAL  POLISHING  VERSUS 
ELECTRODE  DIFFUSION 
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Figuro  3.  Photomicrograph  of  sc-ourfaces 

after  swooping  with  gold  and 

hydrogen  diffusion  allowod-and  - 
suppressed  compared  with  unswept. 


Because  the  diffusion-suppressed  samplos 
resembled  the  unswept  samples,  we  suspected  Hr 
■ion-alkali  exchange  was  being  suppressed. 
Arrhenius  plots  of  the  temperature-ramped 
sweeping  runs  and  infrared  absorption  boforo 
and  after  sweeping,  confirmed  the  hydrogen 
suppression. 

An  Arrhenius  plot  of  a  diffusion-allowed 
sample  is  shown  in  Fig.  4.  During  the  begin- 
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O I FFUS I OR— ALLOWED  SAMPLE  A1 


194 


ning  of  th«  heating  phase,  some  species, 
possibly  Ha+,  is  responsible  for  the  conduc¬ 
tivity  which  depletes  in  the  200  -  270°C 
range.  The  activation  energy  or  slope  in  the 
region  before  depletion  is  1.2  -  1.3  eV.  The 
next  portion  of  the  heating  phase  is  dominated 
by  a  conducting  species  (possibly  Ll+)  which 
usually  depletes  very  close  to  our  maximum 
tesperature  of  sweeping  (-340  deg  C} .  The 
slope  in  the  region  before  this  depletion  lw 
0.76  -  1  eV  (usually  0.9  eV) .  After  an  iso¬ 
thermal  phase  (vertical  line),  the  cooldown 
phase  is  very  linear.  Here  the  slops  is  in 
the  range  1.50  -  1.75  eV,  which  is  within  the 
literature  values  reported  for  the  conduction 
of  M*-  in  quarts.8  If  the  sample  is  swept  a 
second  time,  the  heating  and  cooling  slopes 
are  nearly  identical  (See  Fig.  5) .  If  one 
suppresses  electrode  diffusion  using  any  of 
the  nothods  given  above,  the  Arrhenius  plot  in 
Fig.  6  resembles  that  of  a  completely  swept 
sample. 


ARRHENIUS  PLOT  OF  ELECTROOE- 
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Figure  6. 


Infrared  absorption  spectra  of  samples 
before  and  atter  electrode-diffusion-allowed 
sweeping  ere  given  in  Fig.  7.  It  is  obvious 
that  the  OH"  bands  increase  with  sweeping. 
The  difference  spectrum,  i.e.,  the  diffusion- 
allowed  spectrum  minus  the  unswept  spectrum, 
is  shown,  in  Fig.  8.  Infrared  absorption 
spectra  before  and  after  diffusion-suppressed 
sweeping  are  shown  in  Fig.  9. 

PXMOE0  mm»  arecmuM  or  qumrx  ( aoo  mb  s  J 


*•»»>•  A*  •  S**H  «4tk  t«U  iM  w  *)Ivm4 

Sb»»H  A  •  IIhhm 


Figure  7. 


Figure  0.  Difference  spectrum  of  sample  A2, 
swept  with  gold  and  hydrogen 
diffusion-allowed,  minus  usrswept 
(sample  A) .  The  sample  thickness 
was  1.95  cm.  The  ordinate  scale 
should  be  multiplied  by 
(2.303/1.95)"  1.181  cn-1.  The  area 
bQtvcon  3645  cn-1  and  3235  cn-1 
equals  57.8  cn-2.  The  bands 

showing  increased  absorption  are 
located  at  3614,3585,3433,3378  and 
3307  cn-1 


DIGCUSSIOH 

In  order  to  estimate  the  amount  of  H+ 
ion-alkali  ion  exchange  during  sweeping, 
normalized  spectral  difference  spectroscopy  or 
"spectral  stripping"  was  applied  to  infrared 
absorption  spectra  obtained  before  and  after 
sweeping.  In  this  technique,  the  difference 
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The  sample  thickness  in  the  z-direction  is  1,. 
Wo  previously  reported  the  computation  of 
transported  charge  using  a  different  integral 
formula.1  Tho  reason  for  the  the  difference 
is  based  on  plots  of  current  density  versus 
time  for  a  bar  which  was  swept  a  second  time 
using  tenpornture  ramping.  Initially,  an 
infrared  spectrum  of  an  unswept  bar  was  ob¬ 
tained  for  reference.  After  the  first  sweop, 
the  current  density  was  plotted  as  a  function 
of  time,  using  temperature  ramped  sweeping  and 
Pt-foil  electrodes.  The  z-surfaces  of  the  bar 
were  then  ground  to  a  depth  of  100  pm  and 
repolished.  The  infrared  spectrum  was  ob¬ 
tained  and  the  difference  spectrum  (swept 
minus  unswept)  revealed  that  a  considerable 
amount  of  hydrogen  had  been  swept  into  the 
sample.  The  current  density  versus  time  plots 
are  given  in  Fig.  10.  The  sweeping  procedure 


Figure  9. 


betwooii  tho  ordinate  values  of  both  spectra 
are  found  for  each  data  point.  The  difference 
calculation  for  each  point  is 

I!  ■  S  -  (  U  X  F  ),  (1) 

whore  II  represents  tho  ordinatu  values  of  tho 
difference  spectrum  (due  to  increased  lit  ion 
content) ,  S  represents  the  ordinate  values  of 
tho  swept  sample,  and  U  represents  tho  ordi¬ 
nate  values  of  tho  unswopt  cample,  F  is  a 
normalization  factor  applied  to  a  lattice- 
vibration  band  of  tho  unswept  spectrum.  For 
normalization,  we  solccted  tho  broad  band  of 
medium  intensity  centorcd  at  3200  CM-1. 
normalization  compensates  for  any  difference 
in  thickness  botweon  tho  two  samples. 

Thus,  when  the  normalized  unswopt  spec¬ 
trum  is  subtracted  i'ron  tho  swept  spectrum, 
only  tho  spectrum  attributable  to  increased  11+ 
ion  concentration  should  ronain  (Soo  Fig.  8). 
Once  the  11+  spectrum  is  obtained,  one  can  find 
the  integral  absorption 

k«/o(v)dv,  (n\ 

w.iore  alpha  is  tho  absorption  coefficient 
and  V  is  tho  frequency.  Tho  region  of 
increased  Oil"  absorption  oxtends  from  3645 
CM-1  to  3235  CM-1.  Tho  bands  located  at  3614, 
3585,  3433,  3378,  and  3307,  CM-1  usually  show 
increases.  (See  Fig.  8). 

The  difference  and  integral  computations 
are  automatic  procedures,  using  tho  Pcrkin- 
Elnor  1550  FTIR  and  proprietary  CDS-3  data 
processing  software  system.  Tho  transported 
cherge  during  the  sweeping  process  should  be 
proportional  to  tho  increased  0H“  absorption. 
We  computed  the  transported  charge  per  unit 
volume  using  a  difference  of  integrals  of  the 
form 

Q/v  *  l/l2  (  J  ' 


where  J  is  tho  current  density  and  Js  is  the 
stabilized  current  density  before  cooldown, 
which  begins  at  tc.  The  time  when  the  maximum 
current  density  is  reached  is  tR.  The  onset 
of  measurable  current  is  designated  as  t0. 
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Figure  10.  Tempera tura  rampod  sweeping  using 
Pt-foil  prossure  electrodes.  Z- 
surfacos  wore  polished  (average 
abrasive  sizo  was  1  pm) .  Second 
sweop  accomplished  after  grinding 
100  pm  from  each  Z-surfacc  and 
ropolishing. 


was  then  repeated.  Tho  difference  spectrum 
(first  sweop  minus  second  sweop)  revealed 
that  very  little  additional  hydrogen  ontored 
the  sample  during  tho  second  sweep.  Referring 
to  Eq.  (3),  tho  first  integral  represents  all 
of  tho  transported  charge,  including  that  duo 
to  hydrogon-hydrogon  exchange.  The  second 
integral,  which  approximates  the  conduction 
due  to  hydrogon-hydrogon  exchange  is  sub¬ 
tracted  from  tho  first  integral  to  yield  the 
transported  charge  due  to  hydrogen  replacing 
alkali  ions.  This  assures  us  that  we  are  not 
including  any  current  contributions  due  to 
hydrogon-hydrogon  exchange.  One  can  determine 
tho  number  of  H+  ions  swept  into  the  sample 
using  the  following  formula  developed  by  Hats5 

II  (H)  =  3.77  X  10i5  (K/p2),  (4) 

where  p  is  the  relative  effective  charge  of  H+ 
ar.d  £  is  the  inteqral  absorption  measured 
with  light  polarized  perpendicular  to  the 
optic  axis.  In  order  to  derive  the  effective 
charge  for  H+  in  our  quartz  samples,  we  cal¬ 
culated  the  number  of  singly  charged  ions 
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transported  during  a  swooping  run  using 


Tablo  III 


»(T)  -  (Q/ov),  (5) 

vhoro  o  is  the  electronic  charge.  Wo  thon  sot 
N(H)  ■  tl(T)  and  found  the  effective  charge , 
p.  to  bo  0.51.  This  value  is  closo  to  the 
value  p  »  0.52  derived  by  Kats,  when  he  assun- 
cd  that  the  differenco-absorption  bands  had  a 
Lorentzian  profile,  we  used  p  ■  0.51  for  all 
subsequent  calculations  of  11(H) . 

In  Tablo  II,  wo  compare  diffusion-allowed 
samples  to  diffusion-suppressed  sanples  for 
two  different  grades  of  quarts.  Tho  increased 
lit  content  calculated  using  Eq.  (4),  can  bo 
compared  to  tho  nunbor  of  ions  transported 
using  Eq.  (5) .  It  scons  that,  for  the  sup¬ 
pressed  sanplos,  N(T)  and  H(ll)  are  in  balance, 
whoraas,  tho  diffusion-allowed  sanplos  show 
differences.  Sono  of  tho  differences  can  be 
accounted  for  by  tho  amount  of  nctal  which 
diffused  into  tho  sample.  (See  Table  III). 
Tablo  III  shows  neutron  activation  analysis 
data  for  sanplos  with  and  without  diffusion 
suppression  eonpared  with  on  unswept  canple. 
It  is  clear  that,  other  than  suppression  of 
notol  diffusion, also  suppressed  was  tho  diffu¬ 
sion  of  hydrogen  into  tho  quart:  via  dissolu¬ 
tion  of  hydrogen  in  the  notol  alectrodo  and 
diffusion  through  the  natal.  This  is  indicat¬ 
ed,  also,  by  tho  snail  docroaso  in  tho  lovol 
of  Pa  in  tho  diffuslon-suppressad  sanplos  and 
tho  larger  docroaso  in  tho  diffusion-allowed 
sanplo.  Tho  following  nochanlsn,  suggested 
for  tho  dissolution  of  hydrogen  in  palladium,9 
nay  apply  to  nost  notals  used  as  electrodes 
for  swooping  quarts. 
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Molecular  hydrogen  H2  (g)  is  weakly 
chenisorbed  on  the  notol  surface.  Next,  a 
transfer  stop  occurs,  which  produces  intersti¬ 
tial  hydrogen  Hi  until  an  equilibriun  is 
established  between  H2  (g)  and  Hi-  In  tho 
final  stage  of  the  sorption  process,  sone 
hydrogen  bocones  strongly  adsorbed  on  the 
netal  surface.  The  interstitial  hydrogen 
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assumes  an  offectivo  charge  Zo  in  tho  notal, 
which,  at  tho  tonporaturos  used  for  swooping, 
ranges  fron  0.24O  for  Fo  to  i.4o  for  Ta.*9 
For  nost  notals,  charged  hydrogen  will  bo 
transported  through  tho  notal  to  tho  quart: 
fron  tho  anodo.  At  tho  quart:  intorfaco,  tho 
charged  hydrogon  will  oncountor  tho  relatively 
largo  Z-axis  channels.  Tho  fiold  will  con¬ 
tinue  to  drive  tho  charged  hydrogon  into  tho 
quart:  for  swooping.  If  this  process  in 
provontod  by  using  any  offoctivo  hydrogon 
barrier,  such  os  insertion  of  a  sapphire  plato 
and/or  air  gaps  botwoon  tho  oloctrodo  and  tho 
quart:,  tho  exiting  hydrogon  will  reassociato 
into  tho  nolocular  forn.  since  noleculor 
hydrogon  in  largor  and  uncharged,  it  will  not 
oasily  diffuso  into  tho  quart:.  It  sacn3  that 
notals  in  contact  with  tho  Z-surfaco  of  quart: 
cataly:o  tho  introduction  of  hydrogon  into  tho 
quart:  for  swooping. 

Wq  know  that  hydrogon  diffuses  through 
Pd,V,  and  thoir  alloys  noro  oasily  than  it 
diffuses  through  Au  and  Pt  -  which  aro  nornnl- 
ly  used  os  sweeping  electrodes.  Horoover, 
those  other  notals,  bocouso  of  thoir  ionic 
charge  or  size,  nay  not  diffuso  oasily  into 
quartz.  As  a  consequence,  our  future  plans 
include  an  investigation  of  tho  possibility 
that  Pd  and  V  nay  prove  to  bo  superior  swoop¬ 
ing  electrodes.  Wo  also  intend  to  investigate 
tho  radiation  sensitivity  of  rosonators  nado 
fron  natoriol  swept  with  and  without  elec¬ 
trode-diffusion  suppression. 


CPHCLUSIOIlS 

Tho  neutron  activation  analysis  shows 
that  only  a  snail  anount  of  notal  is  diffusing 
into  the  quartz  fron  the  electrode.  However, 
thu  netal  agglonoratos  at  dislocation  sites. 
These  netal-decoratcd  dislocations  resist 
forning  etch  channels,  we  feel  this  contri¬ 
butes  to  the  reduction  of  tho  etch-channel 
density  to  near-zero  levels. 

As  a  result  of  sweeping,  the  exchange  of 
H+  for  metal-compensating  ion  occurs  through* 
out  the  bulk  of  the  sample.  Thus,  the  etch¬ 
ing  and  chemical  polishing  differences  of 
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■urfacet  cut  from  the  bulk  of  the  swopt  mater¬ 
ial  ere  probable  evidence  of  suppression  of 
the  hydrogen  diffusion  and,  less  likely,  the 
suppression  of  the  electroda-netal  diffusion. 

Finally,  the  reduction  in  sweeping  effi¬ 
ciency  observed  when  suppression-type  elec¬ 
trodes  are  used  is  probably  the  result  of 
interference  with  the  dissolution  and  diffu¬ 
sion  of  hydrogon  in  and  through  the  metal- 
electrode  into  the  quart:. 


ACKKQBLEBCMEtiia 

The  author  thanks  William  Washington  for 
the  cutting  and  polishing  of  samples,  Ronald 
Brandnayr  for  the  etching  work  and  Donald 
Doyce  for  the  gold  evaporations.  Acknowledg¬ 
ment  is  made  to  Dr.  John  Vif  and  Dr.  Janes 
Shelby,  Alfred  University,  NY,  for  suggestions 
and  stimulating  conversations. 


APPENDIX;  POLARITY  IDENTIFICATION  OF  SC- 
Sl'REACES 

Every  SC-cut  plate  has  two  crystal  faces, 
one  has  the  goneral  Dravais  indices  (jik.I) 
and  the  other  (ftk.!)  when  considering  the 
origin  to  bo  inside  the  plate.  (See  Fig.  11) 
Interpreting  the  1978  IEEE  standard,  thu 
(hk.D  face  should  develop  a  (+)  positive 
cha'rge  under  tension.  It  has  boon  shown11 
that  this  face  is  etched  snoothor  by  using  a 
1:2  solution  of  49%  1IF;  40%  HIMF  at  75°C  for 
30  minutes.  It  was  shown2  previously  that  the 
face  which  etches  snoothor  is  dlffusion-con- 


+  U* 


Figure  11.  A  doubly  rotated,  SC-cut,  right- 
handed  quartz  crystal  plate  with 
origin  inside  the  plate. 


trolled  and  etches  fastor.  To  summarize,  the 
snooth  face  is  the  faco  toward  which  +YM 
points  from  an  origin  inside  the  plato,  has 
the  indices  (hk.D#  and  develops  a  (+) 
positive  charge  on  tension.  The  above  applies 
equally  well  to  both  enantiomorphs,  unless  one 
uses  a  right-handed  coordinate  system  for 
left-handed  quartz,  as  the  1978  IEEE  standard 
suggests.  In  this  case,  the  shiny  face  would 
again  bo  positive  under  tension,  but  this  face 
would  be  indexed  (hJJ.l)*12 
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Abstract 

The  surface  topography  of  polished,  etched  quartz 
crystal  plates  was  compared  with  crystal  plates  whose 
surfaces  were  not  polished  before  etching.  As  etching 
of  abrasive  lapped  plates  progressed,  micro  photography 
showed  the  formation  of  a  pattern  of  hills  and  valleys 
characteristic  of  an  AT  cut  crystal.  Polished  plates 
developed  etch  figures  similar  in  si;§  am!  orientation 
to  those  of  the  lapped  plates.  Thq§@  etch  deforma¬ 
tions,  initiated  in  some  cases  at  scratch  nsrhs,  were 
surrounded  by  smootn  areas  of  quarts.  Xh§n  llest 
crystals  were  operated  on  their  fundamental  frequency 
of  20  MHz,  lapped  plates  gavi  batusr  crystal  perform¬ 
ance  when  deeply  etched.  However,  operation  @f  these 
same  crystals  on  the  third  and  fifth  overtones  shewed 
opposite  results.  In  these  cases,  the  polished  crystal 
plates  had  higher  Q's.  It  is  suggested  that  there  ig 
a  turning  point  between  30  and  60  KHz  at  which  it 
becomes  advantageous  to  use  polished  blanks  for  the 
fabrication  of  deeply  etched  quartz  resona  zrs.  A 
perfectly  polished  quartz  plate  would  be  the  optimum 
starting  point  for  the  production  of  thin,  very  high 
frequency  crystals. 

Introduction 

The  amplitude  of  oscillation  of  a  crystal- 
controlled  oscillator  is  a  function  of  the  series 
resistance  of  the  quartz  crystal  unit.  Too  high  an 
equivalent  resistance  can  prevent  oscillation  from 
reaching  the  required  amplitude.  In  order  to  allow  the 
crystal  resonator  to  have  the  widest  range  of  uscs.the 
resistance  must  be  as  low  as  possible. 

A  measure  of  resonator  usefulness  related  to  the 
resistance  is  the  quality  factor,  designated  Q.  it 
provides  a  measure  of  resonator  energy  losses  includ¬ 
ing  mounting  losses,  losses  due  to  dislocations  or 
imperfections  in  the  quartz  crystalline  structure, 
surface  stresses  and  anything  else  that  serves  to 
dissipate  energy  in  the  crystal.  Q  is  defined  as 

(2)  (pi)  (energy  stored  per  cycle) 

(energy  d'i  ss  i  pa  ted  per  cycle) 

and  is  related  to  the  resistance  by  the  following 
relationship: 

Q  -  1  /  w  Cj  R 

where  w  »  2  pi  times  the  frequency  in  hertz  and  C,  is 
the  motional  capacitance  of  the  crystal  unit  in 
farads.  The  capacitance  is  affected  by  the  frequency 
of  oscillation  and  by  the  electrode  size.  A  high  Q  is 
what  gives  the  crystal  its  ability  to  control  frequency 
in  a  way  that  no  other  combination  of  circuit  compo¬ 
nents  can.1 

Castellano2  and  others3 >4>5  have  determined  that 
surface  imperfections  as  well  as  infects  in  the  quartz 
itself  contribute  to  surface  stresses  and  energy 
dissipation  and  result  in  a  lowering  of  Q.  These 
surface  imperfections  also  serve  to  raise  the  resist¬ 
ance  of  the  crystal  unit. 


Disturbances  in  the  crystalline  structure  of  the 
quartz  contribute  to  energy  losses  and  a  lowering  of 
crystal  Q.  Defects  such  as  holes  in  the  lattice, 
interstitial  atoms  and  other  impurities  interfere  with 
the  piezoelectric  wave  propagation  and  serve  to  lower 
the  Q  of  the  resonator  produced  from  that  piece  cf 
quartz.  When  quartz  is  deeply  etched,  impurities  in 
the  quartz  ray  be  etched  preferentially  and  cause  a 
localized  erosion  of  the  wafer  surface.  In  some 
cases,  these  dislocations  result  in  etch  pits  or  in 
etch  channels,  which  begin  at  etch  pits  but  propagate 
into  and  sometimes  all  the  way  through  the  quartz 
plate. 

Several  authors®*^1®  have  conducted  experiments  to 
determine  the  best  type  of  quartz  to  use  for  the  least 
amount  of  etch  channels.  Hanson  has  found  only 
natural  and  vacuum  swept  premium  Q  cultured  quartz 
suitable  for  deep  etching .9  Hunt  found  that  swept 
premium  Q  quartz  was  best  for  lack  of  etch  channels, 
followed  by  natural  quartz  and  unswept  cultured 
quartz.10  Vig  conducted  an  experiment  to  determine 
thf  effects  tf  vacuum  sweeping  of  quartz  on  the  forma¬ 
tion  ef  etch  channels  in  which  he  had  gnq  part  of  a 
bgr  of  cultured  quarts  swept  while  sllewifig  the  ether 
part  of  the  s*s@  btr  te  reeMn  unswept.  The  results 
kenfifKed  that  the  sweeping  process,  which  Is  known  to 
rqmpv*  interstitial  impurities,  also  reduces  the 
formion  of  etch  channels.11 

?e«*use  the  sweeping  process  is  costly,  quart; 
sanufacturers  are  developing  special  eaterials  and 
rowth  conditions  for  synthetic  quartz  which  are 
ntended  to  eliminate  impurities  and  produce  high  q 
values  in  the  resonators  which  are  produced  frc«  these 
bars  «f  quartz.  In  general,  t'wse  high  q  bars  of 
quartz  are  gr©wn  rare  slowly  tun  art  standard  bars  of 
the  stag  size,  and  while  they  are  less  costly  than 
swept  quartz,  they  are  still  relatively  expensive. 

It  has  been  shewn  that  smooth  surfaces  are  impor¬ 
tant  for  proper  quartz  resonator  performance. 13 
Smooth  surfaces  are  necessary  for  electrical  response, 
while  a  strained  surface  layer  adversely  affects 
resonator  performance.14 

Mechanical  lapping,  or  grinding  with  a  coving 
abrasive,  results  in  a  rough,  disordered  surface  which 
may  tend  to  lose  particles. These  Surface  iohcxo- 
geneities,  Castellano,  Keeker  and  Sunrfahl  point  out, 
"contribute  to  surface  stresses  and  energy  dissipation 
and  result  in  noise,  rapid  aging,  drive  sensitivity 
and  frequency  versus  temperature  irregulcritics."*0 
Vig  and  coworkers  used  reflective  high  energy  election 
diffraction  (RHEED)  to  show  that  when  etching  had 
changed  the  frequency  by  1.023  Fjff  or  removed  about 
1.7  microns  of  quartz  from  a  crystal  which  had  been 
lapped  with  a  five  micron  abrasive,  the  damaged  layer 
had  been  removed.1'  Castellano,  Meeker  and  Sundahl 
also  used  RHEED  to  find  that  the  damage  had  been 
removed  when  about  1.1  microns  of  quartz  had  been 
removed. 18  At  this  point,  they  found,  the  surface 
was  entirely  crystalline,  no  longer  amorphous. 
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Polishing  may  follow  mechanical  lipping  in  the 
processing  of  the  surface  of  quartz  plates.  Polishing 
gives  the  quart*,  surface  a  visually  smooth,  glass-like 
appearance.  Polishing  is  presently  used  for  manufac¬ 
ture  of  the  highest  precision  quartz  devices. 

Properly  designed  devices  made  with  polished  blanks 
have  clearly  defined  resonances,  low  energy  losses 
(i.e.  high  electrical  Q)  and  low  sensitivity  to  the 
power  level  in  the  circuit. ‘9  Vig  has  shown  that 
cerium  oxide  polishing,  the  type  most  coemonly  used 
for  quartz  polishing,  is  actually  a  chemo-mechanical 
process  rather  than  a  purely  mechanical  one.  The 
cerium  oxide  must  be  used  in  a  water  solution  to  have 
i  Polishing  effect.  Cerium  oxide  and  kerosene,  he 
fferfld,  had  no  polishing  effect.20 

The  polished  quartz  surface  may,  however,  have 
hidden  scratches  which  can  be  revealed  by  etching. 

The  Bcchanlcal  part  ef  the  polishing  process  may  cause 
scratching  er  lattice  disturbance  ef  the  surface. 

These  scratches  may  be  covered  ever  and  the  surface 
sa*y  appear  to  be  polished  until  an  etchant  attacks  and 
dissolves  this  amorphous  quartz  preferentially,  re¬ 
vealing  the  inhoeaueneiiy.  These  surface  scratches 
and  cracks  can  amplify  surface  stresses,  and  cracks 
may  propagate,  degrading  the  performance  of  the 
crystal  unlt.21  vend*! in?  has  feund  that  the  surface 
strain  in  a  polished  plate  is  confined  to  a  thin  layer 
near  the  surface  of  the  plate.22  fukuyo  and  co- 
workers  have  used  elliesewetry  to  determine  that  pol¬ 
ishing  ©f  fused  quartz  leaves  a  da^ged  layer  ef  afeeut 
53  Angstroms,  cue jj  thinner  than  that  caused  by 
abrasive  lapping.23  Fukuyo  and  Car*  found  that  the 
surface  layer  o?  a  polished  crystal  plate  actually 
consists  of  three  layers.  The  first  layer  is  thin, 
and  is  characterised  by  a  frequency  decrease  upon 
etching  of  the  plate.  When  layer  two  is  etched,  th* 
frequency  gradually  increases.  The  etch  rate  remains 
linear  during  etching  of  the  third  layer.  The  thick¬ 
ness  of  the  first  layer  was  found  to  be  dependent  an 
the  pressure  used  during  polishing,  and  the  frequency 
decrease  was  at*Hbuted  to  relief  of  surface  strain.4* 

A  variety  of  etchants  have  been  used  for  quartz. 

For  a  number  of  years,  the  main  purpose  of  etching 
quartz  was  to  reveol  lattice  defect;  in  natural  quart? 
bars  so  that  defective  sections  of  the  bar  night  be 
avoided  when  fabricating  quartz  resonators.  Vol'skaya 
found  several  alternatives  to  hydrofluoric  acid  which 
would  selectively  reveal  dislocation  features  of  the 
quarts. «5  The  purpose  of  the  present  study  is  the 
opposite:  to  find  ways  to  prepare  the  quarts  surface 
such  that  no  dislocations  or  etch  pits  are  revealed. 
Vondellng  found  that  the  addition  of  potassium  fluarlde 
to  hydrofluoric  acid  reduces  etch  defects  and  gives  i 
smooth  surface.26  Bernot  also  found  that  addition  of 
KF  to  hydrofluoric  acid  or  ammonium  bi fluoride  at  25 
degrees  centigrade  reduced  etch  pit  and  etch  channel 
formation.22  The  standard  etchant  for  AT-cut  crystals 
is  asraoniua  bi fluoride  which  has  been  shown  by  Vig  and 
eo-worfcors  to  produce  a  chemically  polished  surface  on 
the  lapped  surface  of  AT-cut  plates.20 

The  reaction  mechanism  of  etching  by  acidic  fluo¬ 
ride  solutions  Is  poorly  understood.  The  original 
mechanists  suggested  by  Heising, 

Si02*6HF-*Si F4+2H20r(2HF)-.H2S5F6+2H20 

is  considered  a  simplification  by  Vig.29  Judge  found 
that  Raman  data  indicate  that  no  single  product  species 
is  formed,  although  some  HoSiFg  may  be  formed.20  This 
product  nay  also  react  with  siTicgn  dioxide,  resulting 
in  an  autocatalytic  reaction.31*22  The  dissolution 
rate  was  found  by  Judge  to  be  dependent  on  the  HF  con¬ 
centration  and  on  the  concentration  of  HF2.22 
Vondeling,  however,  found  no  effects  of  HF2  concentra¬ 
tion  on  the  reaction  rate.  Vondeling  suggests  that 


etching  is  initiated  by  absorption  of  positive  ions 
onto  the  quartz  surface,  which  changes  the  electronic 
configuration  around  silicon  and  makes  possible  the 
dissolution  by  HF.  Vondeling2*  bases  his  mechanism  on 
that  proposed  by  Ernsbergor:35  The  tetrahedral 
structure  of  quartz  permits  either  zero,  one,  two  or 
three  dangling  oxygen  bonds  to  be  present  for  each 
silicon  exposed  on  the  surface  of  the  crystal.  These 
oxygen  atoms  are  neutralized  by  hydrogen  ions, 
resulting  in  exposed  hydroxyl  groups.  In  actuality, 
only  those  with  one  and  two  dangling  bonds  exist. 

Those  with  no  exposed  bonds  are  not  possible  due  to 
the  twisted  internal  structure  of  quartz,  and  those 
with  three  dangling  bonds  would  be  too  unstable.  This 
leaves  the  case  of  one  and  two  dangling  bonds.  The 
case  of  one  exposed  hydroxyl  group  is  proposed  to  be 
that  found  on  the  natural  faces  of  the  quartz  bar.  A 
structure  with  two  exposed  bonds  would  only  occur  In 
an  unnatural  condition,  such  as  that  occurring  when  a 
quartz  plate  is  ground,  lapped  or  polished.  It  is 
proposed  that  these  surfaces  with  two  dangling  bonds 
will  etch  preferentially,  resulting  in  a  surface 
whose  structure  has  as  many  faces  parallel  to  natural 
faces  of  the  quartz  as  Is  possible.25 

The  surface  formed  after  etching  with  anwonium 
hi  fluoride  does  indeed  have  a  structure  suggestive  of 
natural  face  formation.  Several  authors  have  etched 
anj  photographed  quartz  surfaces  using  a  scanning 
electron  microscope  showing  the  formation  of  hills  and 
villgys  or  terraces. 36,37,38  The  surface  of  a  deeply 
iUhgq  AT-cut  quartz  crystal  develops  hills  and 
valleys  which  extend  about  four  degrees  from  the  crys¬ 
tallographic  x-asis.29  Vig  and  Tcllier  have  found 
that  different  crystal  faces  have  different  etching 
rates*®**!  and  Wegner  has  shown  that  the  appearance  of 
pits  and  deformations  in  the  surfaces  of  etched  quartz 
varies  In  relation  to  the  different  faces.*2  Tell ler 
has  found  that  the  etch  pattern  or  surface  roughness 
depends  on  the  angle  of  cut  and  varies  even  among 
wafers  cut  close  to  the  AT  cut.  Thus,  the  etch 
pattern  formed  on  the  surface,  Telller  suggests,  is 
determined  by  orientation  rather  than  by  a  diffusion 
controlled  process  as  Vig  had  suggested.*3*** 

A  lapped,  etched  surface  has  characteristic  hills 
and  valleys.  Vig  has  shown  that  the  roughness  of  the 
surface  after  etching  depends  on  the  roughness  before 
etching.  Surfaces  lapped  with  12  micron  and  3  micron 
abrasives  became  smoother  as  etching  progressed,  but 
the  roughness  of  the  12  micron  surface  leveled  off  at 
a  level  higher  than  that  of  the  3  micron  surface.  Vig 
notes  that  defects  etch  preferentially  because  etching 
relieves  the  lattice  strain  they  cause  and  suggests 
*the  less  deeply  and  the  more  uniformly  disturbed  the 
surface  is  prior  to  etching,  the  smoother  will  be  the 
chemically  polished  surface.  Accordingly,  one  should 
lip  with  $5  fine  an  abrasive  as  possible  prior  to 
etching. Hunt  concurs  and  found  that  the  surface 
produced  after  etching  a  one  micron  surface  was. 
scratch-free  and  "microscopically  undulating".*1* 
Reeaving  the  layer  of  disturbed  matter  is  what 
improve;  the  crystal  Q  as  etching  of  lapped  blanks 
progresses.*2 

Polished  surfaces  are  visually  smooth  before 
etching  and  produce  resonators  with  high  electrical  Q 
after  only  a  short  etching  tise.  Polish  scratches 
that  have  been  covered  over  curing  the  polishing 
process  will  be  etched  preferentially.  This  explains 
the  findings  of  Hanson,  that  the  “surface  of  a 
polished  AT  blank  turnj  frosty  when  etched  with 
ammonium  bifluoride".*0  Until  recently,  this  was  also 
the  case  at  Reaves -Hof ton,  the  author’s  company. 
Polished  crystals  were  used  after  only  a  light  etch 
because  a  deeper  etch  showed  many  scratches  and 
degraded  resonator  performance.  Vig  also  used  a  light 
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etch  after  polishing  to  give  a  smooth,  crystalline 
surface.*9  When  Hunt  attempted  deep  etching  of 
polished  quartz,  he  found  that  his  polishing  process 
had  to  be  modified  to  eliminate  the  hidden  damage  that 
etching  revealed.  Once  scratching  from  the  polishing 
process  had  been  eliminated,  Hunt  found  that  fluoride 
etchants  could  be  used  to  chemically  mill  an  AT  quartz 
crystal  with  no  apparent  degradation  of  the  surface 
finish.50  Vig  also  found  that  deeply  etched  polished 
blanks  gave  a  surface  composed  only  of  smooth  areas 
and  scratch  marks  after  a  etch  removal  of  92  FjFf.  He 
saw  no  signs  of  preferential  etching  along  crystallo¬ 
graphic  axes.  He  also  found  that  the  surface  of  Bl¬ 
ent  plates  remained  featureless  except  at  defects  such 
as  scratch  marks.51  None  of  the  hills  and  valleys 
that  appeared  after  the  etching  of  lapped  blanks  were 
discovered. 

The  effect  of  the  hills  and  valleys  on  the  quartz 
crystal  Q  is  difficult  to  determine.  Several  authors 
report  that  deep  etching  causes  no  decrease  in  Q.  Vig 
chemically  polished  natural  quartz  20  MHz  resonators 
and  found  no  decreasing  Q  with  depth  of  etch.52  He 
obtained  similar  results  on  S  MHz  third  overtone 
crystal  units  and  on  10  MHz  third  overtones.”  Hiller 
also  found  that  Q  did  not  increase  with  longer  etch¬ 
ing.5*  Castellano,  however,  found  that  a  maxiewm  Q  was 
reached  at  1.6  FjFf  etch  removal  from  a  3  micron  lapped 
surface,  and  decreased  with  further  etching.55  This  is 
in  agreement  with  the  findings  of  Jumper  A  Reeves- 
Hoffsan.  A  minimum  resistance  was  found  alter  about 
1.5  F{Ff  etch  removal  from  30  MHz  fundamentals.55 

The  effect  on  crystal  Q  of  etching  mechanically 
polished  wafers  appears  to  depend  on  the  amount  and 
depth  of  scratching  and  other  damage  caused  during  the 
polishing  process.  When  scratches  are  etched  preferen¬ 
tially  by  the  etchant,  resonator  performance  is 
degraded.  Hunt  managed  to  use  polished  blanks  by 
assuring  that  they  were  polished  “carefully".5'  Vig 
has  also  used  polished  blanks  for  resonators  which 
require  a  deep  etch.50  Deep  gouges  and  scratches 
result  in  a  higher  Q  than  expected.  Vig  reports  that 
a  deep  gouge  in  a  deeply  etched  5  MHz  third  overtone 
may  account  for  its  lower  0  as  compared  to  other 
crystal  units  in  the  lot.59  He  notes  that  the  dimen¬ 
sions  of  etch  channels  and  etch  pits  (caused  by 
defects)  are  usually  at  least  one  order  of  magnitude 
larger  than  the  dimensions  of  the  hills  and  valleys 
formed  during  etching.50 

Castellano  suggests  that  Q  degradation  with  con¬ 
tinued  etching  of  lapped  plates  is  correlated  to  the 
depth  and  width  of  the  hills  and  valleys  formed  during 
etching.  These  hills  and  valleys  are  initiated  by 
damage  during  mechanical  lapping  and  are  enhanced  by 
chemical  etching.  He  uses  a  Rayleigh  wave  scattering 
model  to  explain  the  correlation  between  Q  degradation 
and  depth  of  etch  and  notes  that  the  optimum  etch 
amount  varies  with  the  crystal  frequency.51  Vig  also 
suggests  frequency  dependence  when  he  notes  that  he 
would  not  be  surprised  to  find  a  Q  degradation  because 
at  higher  frequencies  the  wave  length  of  the  acoustic 
wave  approaches  the  dimensions  of  the  etch  features.52 

Vig  etched  18-22  MHz  crystal  resonators  with  a  3 
micron  surface  fabricated  from  natural  quartz  from  two 
tc*  twenty-two  FiFf.  Resistance  values  were  from  three 
to  five  ohms  and  Q's  ranged  from  U0.000  to  210,000. 

He  found  no  Q  degradation  with  depth  of  etch.  Overtone 
frequencies  were  not  measured  in  the  study  because  gold 
had  been  used  for  the  electrode  material  and  was  too 
heavy  to  permit  overtone  operation.52  Jumper  at  Reeves- 
Hoffman  also  found  a  difference  in  frequency,  with  1.5 
Fjff  being  the  optimum  etch  for  a  three  micron  lapped 
30  MHz  third  overtone  crystal  and  1.3  F^Ff  being 
optimum  for  a  three  micron  lapped  60  MHz  third  overtone. 


He  notes  that  while  electrical  parameters,  including 
resistance,  of  the  30  KHz  units  were  comparable  to 
those  obtained  with  lightly  etched  cerium  oxide  pol¬ 
ished  units,  the  resistance  of  the  60  MHz  units  was 
significantly  below  that  obtained  from  cerium  oxidn 
polished  blanks  of  the  same  frequency.5* 

Experimental 

The  following  list,  derived  in  part  from  Vig  and 
co-workers55  and  Bernot55,  provides  an  overview  of 
some  of  the  parameters  which  affect  surface  top¬ 
ography,  resistance  and  Q  of  the  quartz  crystal  unit 
which  is  produced. 

Quartz  material  defects 

Crystalline  orientation  of  surfaces 

Quartz  plate  diameter 

Final  plate  thickness  and  frequency 

Initial  surface  roughness 

Surface  cleanliness 

Etchant  composition 

Etch  bath  temperature 

Etch  bath  agitation 

Etching  time 

Electrode  characteristics 
Mounting  method 
Ambient  atmosphere 

In  order  to  determine  the  effects  of  polishing  the 
surface  of  the  quartz  plate  at  the  different  etching 
depths,  all  the  above  factors  were  held  as  constant  as 
possible.  Initial  surface  roughness  and  etching  tine 
were  systematically  varied  in  order  to  determine  their 
effects. 

550  Crystals  were  fabricated  and  divided  into  22 
groups  of  25.  Half  of  the  groups  were  polished,  while 
half  had  a  relatively  rough  lapped  surface  prior  to 
etching.  One  group  of  each  of  the  polished  and  lapped 
blanks  was  etched  for  each  of  ten  increments  of  etch 
removal . 

All  fabrication  was  performed  at  Reeves -Hoffman 
Oivlslon  of  Dynamics  Corporation  of  America  In  Carl  isle, 
Pennsylvania. 

Water  Preparation.  All  quartz  has  some  material 
defects^  fn  order  to  minimize  the  effects  of  these 
defects,  all  500  wafers  were  cut  from  the  same  bar  of 
high  quality  cultured  quartz.  This  quartz  is  certi¬ 
fied  by  the  supplier  as  having  a  minimum  Q  of  2.2 
million. 

The  crystalline  orientation  of  the  surfaces  was 
held  constant  by  assuring  that  all  the  wafers  were  cut 
at  the  same  angle  from  the  quartz  bar.  All  the  wafers 
were  cut  at  35  degrees  16  minutes,  plus  or  minus  30 
seconds  from  the  crystallographic  x-asis.  This  AT 
angle  was  verified  by  x-ray.  This  angle  was  chosen 
with  the  understanding  that  these  crystals  would  be 
studied  on  the  fundamental,  third,  and  fifth  overtone 
nodes  of  operation.  This  required  a  compromise  in 
terns  of  frequency  stability  over  temperature  and 
resulted  in  a  chosen  angle  that  was  not  optimum  for  any 
of  the  modes  of  operation,  yet  minimized  any  chances  of 
extreme  sensitivity  to  temperature. 

The  crystal  plate  diameter  was  0.250  inches,  plus 
or  minus  0.001  inches. 

In  the  case  of  the  AT  cut,  the  final  plate  thick¬ 
ness  is  proportional  to  the  fundamental  frequency  in 
which  it  operates.  This  means  that  in  order  to  have 
550  20  Megahertz  crystals,  all  of  which  have  had 
different  amounts  of  quartz  removed  by  etching,  the 
frequencies  (and  thicknesses)  prior  to  etching  must  be 
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systematically  varied  to  allow  the  fine)  frequency  to 
be  the  sane  for  each  group.  Thus  there  was  a  group  of 
polished  and  a  group  of  lapped  wafers  prepared  at  each 
of  ten  different  thicknesses  corresponding  to  the  10 
different  amounts  of  etch  removal  specified  later  in 
the  processing. 

The  blanks  which  were  to  have  lapped  surfaces  were 
prepared  as  follows.  The  thickness  of  the  wafers 
which  had  been  cut  from  the  bar  of  quartz  was  gradually 
reduced  by  removing  quartz  by  grinding  (lapping)  with 
abrasives  of  gradually  decreasing  sizes.  Care  was 
taken  during  each  step  to  grind  away  sufficient  thick¬ 
ness  to  remove  the  rougher  damaged  layer  from  the  step 
before.  The  final  surface  finish  was  produced  by  lap¬ 
ping  with  an  abrasive  with  an  average  particle  size  of 
three  microns. 

The  polished  wafers  were  prepared  in  the  same 
manner  as  described  above,  with  two  additional  steps. 
After  lapping  with  the  three  micron  abrasive,  the 
blank  surfaces  were  etched  in  a  saturated  aqueous 
solution  of  amoniua  bf fluoride  to  remove  as  ouch  of 
the  lapping  damage  as  possible.  They  were  then  chcmo- 
nechanically  polished  with  a  cerium  oxide  polish 
suspended  in  a  water-based  slurry  solution.  This  par¬ 
ticular  brand  of  cerium  oxide  polishing  compound  was 
chosen  because  it  resulted  in  the  least  amount  of 
scratching  when  coopered  to  several  other  polishing 
compounds,  including  one  which  had  been  used  pre¬ 
viously  at  Recves-Hoffman. 

Surface  cleanliness  was  maintained  throughout  each 
step.  Blanks  were  cleaned  after  each  cutting  and 
grinding  operation  to  be  sure  that  operations  which 
use  smaller  abrasive  sizes  ware  not  contaminated  with 
the  larger  abrasive  particles  from  previous  steps 
whtc.i  would  cause  scratching.  After  the  final  lapping 
or  polishing  operation,  the  blanks  were  cleaned  ultra- 
sonically  in  two  different  proprietary  cleaners, 
rinsed  and  dried.  Following  this  operation,  the  blanks 
were  handled  only  by  persons  wearing  finger  cots  to 
prevent  finger  oils  and  contaminants  from  adhering  to 
the  wafer  surfaces. 

The  wafers  were  then  etched  in  a  saturated  aqueous 
solution  of  aenoni'jta  bifluoride.  A  polypropylene  etch 
tank  was  filled  with  enough  distilled  water  and 
ammonium  bifluoride  flakes  such  that  a  small  amount  of 
flakes  remained  at  the  bottom  of  the  tank  during 
etching,  assuring  a  saturated  solution  at  all  times. 
Ammonium  bi fluoride  flakes  were  added  during  use  of 
the  bath  as  necessary  to  assure  a  saturated  solution 
at  all  times.  The  etching  solution  was  discarded 
after  being  used  for  one  week  to  eliminate  the  effects 
of  any  impurities  which  may  contaminate  the  bath.  A 
small  amount  of  a  proprietary  fluorochemical  surfactant 
was  added  to  the  bath  to  assure  wetting  and  to  minimize 
the  effects  of  any  residue  on  the  wafer  surfaces. 

The  temperature  of  the  etching  solution  was  moni¬ 
tored  directly  by  a  temperature  controller  with  a 
teflon  probe,  and  kept  at  a  constant  52  degrees  centi¬ 
grade.  This  temperature  was  chosen  because  it  allows 
etching  in  a  reasonable  amount  of  time  while  also 
allowing  adequate  control  of  frequency  by  adjusting 
the  etching  time.  Constant  agitation  was  provided  by 
a  motor-driven  rotary  propeller. 

After  etching,  the  wafers  are  vapor-plated  with  a 
flash  of  chromium  followed  by  a  layer  of  silver  suffi¬ 
cient  to  raise  the  frequency  by  approximately  300  KHz. 
This  corresponds  to  a  silver  layer  about  .000475  inches 
thick.  This  electrode  plating  thickness  was  chosen 
based  on  experience  that  it  was  heavy  enough  for 
operation  of  a  20  MHz  fundamental  yet  light  enough  to 
allow  operation  on  the  third  and  fifth  overtones.  It 


would  not,  therefore,  provide  optimum  Q  on  any  of 
these  crystals.  The  electrode  diameter  was  0.115 
inches,  again  chosen  to  allow  the  best  operation  of 
these  crystals  in  all  three  modes  of  vibration. 

The  plated  crystal  wafers  were  then  mounted  in 
spring-type  holders  and  pasted  in  with  silver-  filled 
conductive  epoxy.  The  crystals  were  counted  in  the 
holder  with  the  positive  end  of  the  crystallographic 
x-axis  at  the  top  of  the  holder. 

The  crystal  frequencies  received  their  final 
adjustment  during  the  next  operation  -  electroplating. 
The  crystals  were  electroplated  with  silver  from  a 
silver  chloride  plating  solution  to  within  five  parts 
per  million  of  20  Megahertz  on  the  fundamental. 

The  crystals  were  then  baked  under  vacuum  for  one 
hour  to  assure  complete  dryness  and  to  remove  contam¬ 
inates.  They  were  then  sealed  under  vacuum  by  the 
cold  welding  process. 

Crystal.  Unit  Testing.  The  frequency,  resistance, 
motional' capacitance" and  Q  of  each  crystal  unit  was 
measured  using  a  Saunders  Automatic  Testing  System 
incorporating  a  Hewlett-Packard  3577A  Network  Analyzer 
at  a  constant  25  degrees  centigrade.  Each  of  these 
parameters  was  measured  at  the  fundamental  frequency 
of  20  tttx,  the  third  overtone  (approximately  60  I8te) 
and  the  fifth  overtone  (approximately  100  MHz).  All 
crystal  measurements  were  taken  consecutively,  on  the 
same  day,  to  avoid  any  slight  differences  in  equipment 
or  temperature.  The  frequency  and  resistance  were 
also  checked  on  a  Saunders  150C  Crystal  Impedance 
Meter  to  verify  the  automatic  testing  system  readings. 

.Resul.ts_and_0.lscuss.iqn 

Photomicrographs ,  The  optical  microscope  used  in 
this 'study'provfded  a  good  alternative  to  scanning 
electron  microscopy  when  the  wafer  surface  was  coated 
with  the  reflective  silver  electrode.  It  was  a 
convenient,  low-cost  method  of  viewing  the  surfaces  of 
wafers  in  production.  A  thicker  layer  of  silver  may 
obscure  some  of  the  etch  figures  if  it  fills  in  the 
crevices  formed  during  etching.  The  silver  does  have 
the  disadvantage  of  obscuring  any  etch  channels  which 
may  penetrate  the  quartz  plate. 

Figures  1  through  11  show  typical  surfaces  of  3- 
nicron  lapped  blanks  after  0.02,  1.  2,  3,  4,  5,  6,  7, 
8,  9,  and  10  FjFf  increments  of  eteh  removal.  This 

variety  of  thickness  change  during  etching  required 
that  the  Initial  thickness  of  the  wafers  in  each  group 
be  adjusted  prior  to  etching  by  the  grinding  procedure 
described  previously,  in  order  to  have  each  group  of 
crystals  at  the  same  thickness  and  frequency.  As  the 
etch  time  increases,  the  surface  changes  fron  an 
irregular,  sraall-foatured  one  to  a  more  regular 
pattern  of  hills  and  valleys.  These  patterns  are 
similar  to  those  identified  by  Vig  awi  others,  indica¬ 
ting  that  no  unusual  differences  in  surface  finish 

were  introduced  into  this  study. 6^*6®  Each  of  the 
wafers  was  oriented  such  that  the  positive  end  of  the 
crystallographic  x-axis  points  towards  the  bottom  of 
the  page.  This  is  consistent  with  Vig's  findings  that 
the  hills  and  valleys  run  about  4  degrees  from  the 

x-axis.69 
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Figure  l 

Lapped  Quartz,  Etched  0.02  Fjfj  0  1200X 
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Figure  4 

Lapped  Quartz,  Etched  3  F,Ff  0  1200X 


Figure  10 

Lapped  Quirt*,  Etched  9  F.Ff  P  1200X 


Figure  11 

Lipped  Quirt*,  Etched  10  FjFf  9  1200X 


Figures  12  through  22  show  surfaces  of  polished 
wafers  after  the  same  mounts  of  etch  removal:  0,02, 
1,  2,  3,  4,  5,  6,  7,  8,  9,  and  10  units  of  F{Ff.  The 

polished  blank  after  9.02  F^F^  removal  Is  visually 

s (sooth >  This  is  the  etch  removal  amount  typically 
used  for  production  of  high  quality,  polished  resona¬ 
tors,  since  it  provides  a  cleaning  of  the  surface  yet 
does  not  reveal  any  of  the  polishing  damage.  As  etch¬ 
ing  progresses,  etch  pits  are  forced  and  gradually 
progress  into  larger  crevices  which  resemble  the  hills 
and  valleys  seen  on  the  lapped  blanks  in  size  and 
orientation.  Large  areas  of  perfectly  smooth  Surface 
are  still  present,  indicating  that  when  there  is  no 
surface  damage,  etched  quartz  remains  smooth.  Once 
damage  is  initiated,  however,  the  features  formed  are 
determined  by  the  crystallographic  orientation  of  the 
quartz  surfaces. 


Figure  12 

Polished  Quirt!,  Etched  0.02  F,F,  9  1200X 


Figure  15 

Polished  Quirt! ,  Etched  3  F>Ff  0  1200X 


Figure  Id 

Polished  Quartz,  Etched  6  F,Ff  9  1200X 
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Polished  Quart*,  Etched  7  FjFf  9  1200X 


Figure  20 

Polished  Quartz,  Etched  8  F^Ff  0  1200X 


Figure  21 

Polished  Quartz,  Etched  9  F,Ff  9  I200X 


Figure  22 

Polished  Quartz,  Etched  10  F,Ff  9  I200X 


Figure  23  shows  a  polished  blank  which  has  been 
etched  for  10  FtFf  under  200X  magnification.  This 
shows  the  portion  of  the  surface  area  which  is  damaged 
in  relation  to  that  which  Is  still  seooth  after  the 
deep  etch.  Figure  24  shows  the  type  of  polish 
scratches  which  cay  result  from  edge  chipping  during 
the  polishing  process.  Figure  25  is  an  example  of  the 
scratching  and  surface  damage  produced  by  a  poor  pol¬ 
ishing  process. 

The  fact  that  a  better  polish  produced  large  areas 
of  texture-free  quartz  surface  indicates  that  if  the 
polishing  process  wore  to  be  perfected,  completely 
smooth  surfaces  could  be  retained  after  deep 
etching.  This  has  important  ir.pl (cations  for  the 
production  of  high  frequency  resonators  which  would 
have  to  be  of  thicknesses  unattainable  with  mechanical 
procedures.  These  ultra-thin  blanks  require  defect- 
free  surfaces  after  their  thickness  is  removed  with 
deep  etching. 

Figure  26  gives  an  example  of  the  different  sur¬ 
faces  produced  by  different  etchants.  This  three  mi¬ 
cron  lapped  blank  was  deep  etched  with  a  proprietary 
etchant  reputed  to  have  “chemical  polishing'  proper¬ 
ties.  Figure  26  indicates  the  importance  of  the  chenis 
try  of  the  etchant  in  the  formation  of  etch  figures. 


H^ure  13.  Polished  quarts,  EitfcO  10  f{Ff  M  15QX 


Figure  24.  Polished  Quirt!  Showing  icratcnes 
from  Edge  Chips  0  600X 


Fartjl: _ ElcctHcalJUraaeters 

Each  dm  point  In  Figures  27  through  35  represents 
in  iverige  for  the  18-25  crystals  which  were  etched 
together. 

Figure  27  shows  the  effect  of  etch  removal  on 
crystal  resistance  at  the  fundamental  frequency  of 
20  MHz.  For  lapped  blanks,  the  crystal  units  show  an 
Initial  drop  in  resistance  as  the  original  lapping 
damage  Is  reduced.  The  resistance  then  increases 
after  reaching  a  ninisua  between  2  and  3  F^Ff.  This 

Increase  may  be  attributed  to  the  increase  in  the  size 
of  the  hills  and  valleys  which  is  occurring  at  this 
point,  as  shown  in  the  photomicrographs,  or  cay  be 
affected  by  the  fomation  of  etch  channels  which  nay 
be  beginning  to  fora.  Polished  blanks  did  not  show  a 
consistent  change  over  the  range  of  etch  removals,  and 
were  advantageous  over  the  lapped  only  in  the  first 
two  groups.  For  deeper  etches  at  this  frequency,  a 
lapped  blank  should  be  used. 

Figure  28  presents  the  effects  of  etch  removal  on 
the  sate  crystals  while  operating  on  the  third  overtone 
frequency  of  approximately  60  MHz.  The  effect  here  is 
opposite  to  that  found  on  the  fundamental  frequency: 
polished  plates  outperformed  the  lapped  plates  over  the 


M«,ure  25.  Poorly  .oliit.u  quarts  with  Scratches 
Revealed  by  Etching  S  12G0X 


figure  26.  wuaru,  Etched  with  a  Prapitetaiy 

Etchant,  Etched  9.4  FfFf  @  12GQX 

entire  spectrua  of  etch  removals.  This  effect  mst  be 
due  in  some  way  to  the  frequency  of  operation  since  no 
other  factor  can  be  varied:  these  are  the  same  crys¬ 
tal  units.  The  surface  finish,  electrode,  design, 
ambient  temperature,  etc.,  must  all  be  identical 
between  the  two  groups. 

Figure  29,  resistance  versus  etch  removal  for  the 
fifth  overtone,  100  Mlz,  follows  the  same  pattern  as 
does  the  third  overtone.  Polished  blanks  again  showed 
lower  resistance  values  across  the  range  of  etch 
removals. 

Figures  30  through  32  show  the  same  effect  in 
teres  of  Q,  which  is  inversely  proportional  to  the 
resistance.  On  the  fundamental,  lapped  blanks  have 
the  highest  value  at  all  but  the  first  two  increments 
of  etch  removal.  At  60  and  100  MHz,  the  polished 
blanks  have  higher  Q  values,  and  would  be  preferred 
for  achieving  resonator  performance. 

Figures  33  through  35  plot  the  motional  capaci¬ 
tance  against  the  etch  removal.  This  value  is  in 
practice  determined  mainly  by  the  electrode  area.  The 
change  in  the  initial  capacitance  of  the  lapped  units 
at  60  and  100  KHz  is  most  likely  due  to  the  decrease 
in  surface  area  of  the  quartz  that  occurs  when  the 
initial  rough  layer  is  removed.  The  remaining  values 
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»re  fairly  consistent  and  give  an  Indication  that 
these  crystals  were  prepared  In  a  unlfom  manner. 

These  data  are  consistent  with  those  found  by 
Ju«pcr  who  found  that  deep  etching  of  a  lapped  30  KHz 
3vef.l??«)  #«  advantageous  over  cerium 
oxide  polishing  and  lightly  etching  the  sense  crystal 
unit.  The  sase  deep  etching  of  a  fiO  Ktlz  (third  over¬ 
tone)  crystal  produced  higher  resistances  than  did 
light  etching  of  a  cheaoecchanlcally  polished 
resonator. 

This  Is  also  consistent  with  the  findings  of  this 
author  that  60  Kite  fundamentals  have  a  higher  0  value 
when  prepared  with  polished  blanks  before  etching  to  a 
depth  of  13.5  FjFf  than  when  prepared  from  three 
micron  lapped  blanks  and  etched  to  the  sase  depth. 


It  appears  that  for  chemically  polished  blanks, 
there  is  a  point  somewhere  between  30  and  £0  KHz  where 
It  s  advantageous  to  switch  to  a  polished  blank  for 
optlcua  0  and  low  electrical  resistance,  independent 
of  the  harecnic  of  operation. 

As  suggested  by  Vig,  as  frequencies  increase,  the 
wavelength  of  the  acoustic  piezoelectric  wave  is  be¬ 
coming  smaller,  and  core  on  the  order  of  the  size  of 
the  etch  features  forming  during  etching.  Thus,  the 
etch  features  becoee  sore  able  to  disturb  thi  wave 
propagation. 

It  appears  to  be  advantageous  at  lower  frequencies 
to  have  an  unstrained,  but  uniformly  disturbed  surface 
over  one  which  has  smooth  areas  yet  irregular  scratch 
deformations.  At  the  higher  frequencies,  however,  the 
smooth  areas  provide  an  advantage  even  though  they  are 
interrupted  by  scratch  marks  and  pits. 
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Surra  ry 

Photomicrographs  of  quartz  crystal  surfaces  were 
easily  made  using  an  optical  microscope  when  the  wafer 
was  plated  with  a  reflective  layer  pf  silver.  This 
technique  provided  an  easy,  less  expensive  alternative 
to  scanning  electron  microscopy. 

As  quartz  wafers  which  had  been  lapped  with  a 
three  micron  abrasive  were  etched  with  amonium  biflu¬ 
oride,  an  initial  rough,  amorphous  layer  was  removed 
and  replaced  with  characteristic  hills  and  valleys 
which  had  a  specific  orientation  with  regard  to  the 
crystallographic  axes  of  the  quartz.  Who  polished 
plates  were  etched,  pits  or  valleys  were  formed  only 
in  localized  areas,  starting  in  many  cases  where  dam¬ 
age  had  occurred  during  the  polishing  process.  Many 
areas  remained  smooth. 

There  is  a  turning  point  somewhere  between  30  and 
60  MHz  at  which  it  becomes  advantageous  to  use  pol¬ 
ished  blant-s,  even  if  there  is  some  hidden  damage,  for 
production  of  deeply  etched  high  frequency  resonators. 
A  perfectly  polished  wafer  would  be  the  optimum  start¬ 
ing  point  for  the  production  of  thin,  very  high  fre¬ 
quency  AT  crystals. 
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Summary 

Thu  presence  of  dislocations  and  Inclusions  In 
alpha  quarts  and  their  offset  upon  electronic  ap¬ 
plications  have  received  very  little  attention  until 
the  last  few  years.  Sons  studies  Have  been  per¬ 
formed  on  dislocations,  but  Inclusions  have  not  been 
Important  until  recently  since  their  dimensions  have 
not  approached  the  thickness  of  the  resonator.  Re¬ 
cently  however,  there  has  been  a  requirement  to 
produce  thinner  resonators  for  higher  frequency 
applications.  The  dimensions  of  these  resonators 
are  approaching  the  dimensions  of  the  Inclusions  In 
alpha  quarts  and  say  have  an  effect  upon  Its 
electroacoustic  properties. 

Several  techniques  were  employed  In  an  effort 
to  reduce  the  dislocation  density  In  alpha  quarts. 
Annealed  and  swept  seeds  had  esKentlally  the  same 
dislocation  density  as  Its  untreated  counterpart. 

The  utilisation  of  seeds  specifically  doped  with 
germanium.  Iron,  aluminum  and  boron  resulted  In 
the  growth  of  alpha  quarts  which  exhibited  the  same 
dislocation  density  as  quartx  grown  upon  undoped 
seeds. 

Inclusion  density  measurements  were  performed 
on  crystals  grown  In  lined  and  unllned  autoclaves. 

A  variety  of  nutrient  sources  were  employed  In 
these  runs,  the  data  obtained  Indicated  that  the 
Inclusion  density  was  neither  a  specific  function  of 
nutrient  quality  nor  whether  a  liner  was  employed. 

Hie  majority  of  Inclusions  seamed  to  be  voids  with 
liquid  occluded  In  many  of  them. 

Finally,  initial  results  Indicate  that  Im¬ 
purities  other  than  lithium  and  sodium  are 
electrically  swept  out  of  the  dislocations  In  alpha 
quartx. 

Introduction 

Research  on  the  purification  of  quartx  has  been 
extensively  studied  Su  the  past  few  years  with  tits* 
recult  that  high  purity  naterial  Is  cow  available 
especially  in  tens  of  aluminum  content.  Aluminum 
levels  of  0.5  parts  per  million  or  even  lower  can  be 
routinely  obtained  for  resonators  used  In  radiation 

envlronseota.^  Tits  presence  of  dislocations  and 
Inclusion*  in  quarts  used  for  pietoeleetric  appli¬ 
cations  has  received  very  little  attention  until 
recently.  Dislocations  have  bean  determined  to  be 
the  precursors  of  tha  majority  of  eteh  channels  In 
quartz  and  rjy  have  seme  deleterious  effects  on  die 
deposition  of  electrodes  and  epitaxial  devices  on 
(2) 

the  quart:  surface.'  In  this  paper,  ve  will  pre¬ 
sent  some  data  that  dislocations  may  also  be 
important  in  the  sweeping  of  quart:. 

Inclusions  in  quart:  used  for  timing  applica¬ 
tions  have  not  been  significant  since  the  site  of  the 
Inclusions  has  not  approached  the  minimus  diameter  of 

the  resonator.  It  has  been  reported'  that  tmaller 
■US  GOYERKXENT  MOW  IS  XQT  PROTECTED  BY  US  COPYRIGHT* 


Inclusions  do  not  affect  resonator  performance. 
Recently,  however,  there  have  been  attempt*  to  pro¬ 
duce  higher  frequency  oscillators  resulting  v.i 
smaller  resonators  where  the  sixe  of  the  inclusions 
could  effect  resonator  performance.  Some  of  the 
Initial  results  of  our  studies  on  quartx  Inclusions 
will  also  be  presented  in  this  paper. 

The  autoclaves  used  In  this  study  have  been 

described  previously^  at  well  ss  the  procedures 
used.  Experiments  are  perfoimed  In  unllned  and 
sliver  lined  sutoelaves  with  autoclave  diameters 
varying  from  one  Inch  to  Industrial  scale  equipment. 

In  general,  a  hydroxide,  mineralizer  Was  used  although 
ve  employed  carbonate  on  seme  of  (he  Industrial  Sited 
runs.  A  variety  of  synthetic  nutrients  were  employed. 

gmswio  nnd  riscwsflinna. 

Dislocation  Studies  -  It  has  he*s  shews  that  the  use 
of  a  seed  cut  from  the  ssstisn  @f  synthetic  quart* 

(5) 

can  reault  in  crystals  almost  free  of  dislocation*.  * 
It  would  be  desirable  fcev«v«,  i@  determine  &  methed 
of  pretreating  the  sere  eewsesly  ua*d  g  seed  fer  the 
production  of  lew  dielecstiun  material.  Ve  have 
attempted  several  seethed#  far. 

Severs!  annealing  *nd  sweeping  studies  were 
performed,  heth  in  vacuum  and  air,  V*e  tried  te  anneal 
a  whole  crystal  (fig.  !).  This  resulted  in  a  highly 
strsi&eo  crystal  with  meat  of  the  strain  emanating 
fre*  the  seed-crystal  interface.  It  slse  appears  that 
the  strain  araund  the  inclusions  was  larger  after 
*sn«ali«g.  Crystals  were  also  grown  upon  air  swept 
and  vacuus*  swept  seeds.  Ss-xe  seeds  were  coated  with 
platlnun  electrodes  and  some  were  uncosted.  Other 
seeds  were  only  annealed  at  500  degrees  C. 
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Fig,  1  Strain  produced  by  annesllRg  whole  crystal. 

One  run  was  completed  using  a  seed  with  a  thin 
platinum  coating  on  it.  There  are  unofficial  reports 
that  this  will  lower  the  dislocation  count.  The  re¬ 
sults  of  nose  of  this  study  are  shown  on  Fig.  2. 
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Fig,  2  ©£  typical  pmtsgiwsm  results  en 

?.  SSsdg. 

It  is  Apparent  that  non*  t>i  U>«  ischniqueg  is  sffec- 
uv«  i«  significantly  levurtn*  th*  dlsleeatlen  eeunt. 
Ass*  Al  leg  it  6tX)  degrees  e  resulted  m  8  twinned 
crystal  «  o?w  *.i jth t  expect.  In  another  experiment, 
ealy  half  the  seed  was  swept  ««4  the  rest  of  the  ml 
v#»  kept  outside  tba  eX*eire«Ux.  X-ray  topography 
however,  shewed  n©  difference  in  the  dislocations  in 
the  two  areas. 

Attempts  vets  also  made  to  grow  fro*  duped  ateda. 
Germanium,  Iron,  aluminum  and  boron  wan  used  to 
determine  if  a  smII  change  in  the  lattice  apadng  of 
the  seed  could  decrease  dUlocaileni.  All  raaulta 
were  negative  in  thin  ease  with  the  exception  of  on« 
run  in  which  the  doped  germanium  crystal  waa  grown 
Iron  an  X  seed.  Seme  crystals  grown  on  X-stada  ware 
annealed  both  in  air  and  vacuuw  at  300  and  350  de¬ 
gree*  e  (Fig.  3).  All  condition*  produced  essentially 
no  Change*  in  strain  in  low  dislocation  naurial. 

QUARTZ  eOA-4« 
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Fig,  3  Examples  of  cryatala  grown  upon  vacuun  and 
air  annealed  X  seeda. 


Inclusion!  -  A  series  of  experiments  were  performed 
using  a  series  of  nutrelnts  In  lined  end  unlined  runs 
(Fig.  A).  Inclusion  densities  were  determined  in  two 
directions  utilising  a  3.5  milliwatt  lie-Ne  laser  as  a 
light  source.  All  of  the  samples  were  coated  with  an 
index  mstching  fluid  and  AX  magnification  was  used 
during  the  actual  counting.  Only  those  Inclusions 
highlighted  by  the  laser  beam  vere  counted.  Approx¬ 
imate!}'  30  Inclusion  density  measurements  vere  made 


parallel  to  the  X  and  Z  Axes.  It  was  expected  that 
som  inclusions  were  fron  material  lining  the  wall 
and  therefore  the  unllned  runs  would  have  a  higher 
Inclusion  density.  Based  on  son*  of  the  Initial  data 
shown  In  the  figure,  this  la  not  necessarily  the  only 
source  of  infusions  since  the  lowest  Inclusion  den¬ 
sity  was  found  In  a  eryatal  from  an  unllned  run.  the 
nutrients  tested  were  “.-mined  synthetic,  whole  syn¬ 
thetic  crystals  and  recrystalllxed  glass.  Again, 
based  on  Initial  results,  the  Inclusion  density  was 
not  a  specific  function  of  the  starting  nutrient. 

The  low  results  for  the  unllned  crystallised  glasa  do 
Indicate  however,  that  the  use  of  a  liner  may  not  be 
Important.  An  excessive  number  of  Inclusions  were 
found  In  a  highly  lithium-doped  crystal. 

QUARTZ  INCLUSION  RESULTS 
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The  nature  ©£  the  Inclusion*  Is  not  dear. 
Photomicrographs  In  some  cage*  Indicate  guild  in¬ 
clusions,  but  the  majority  seem  to  be  voids  with 
liquid  prtsent  In  many.  The  solid  inclusions  seem 
to  be  most  prevalent  near  the  aged.  An  atteapt  waa 
made  to  anlyxe  some  of  theae  using  scanning  electron 
microscope  with  an  EDS  attachment.  We  vere  not 
auccesaful  in  obtaining  any  meaningful  results,  how¬ 
ever.  Seme  of  these  inclusions  are  shown  in  Fig.  5. 

OUARTZ  exstl  OPTICAL  UICROORAPNS  SHOWMO  DAMAQC 
AROONO  ETCH  TUNNELS,  AFTER  ANNEALING 


mas  iso* 

Fig.  5 

Sweeping  -  A  number  of  sweeping  runs  were  also  per¬ 
formed  to  possibly  determine  what  elements  are  moved 
or  removed  during  sweeping.  Both  air  and  vacuum 
sweeping  were  used.  In  these  experiments,  graphfoll, 
a  high  purity  material  waa  placed  betveen  the  plati¬ 
num  contact  and  the  sweeping  surface  (Z  surface). 

The  graphfoll  was  then  analyzed  using  Auger  and  EDS 
combined  with  SEM.  Analysis  was  performed  on  all 
four  surfaces,  the  two  in  contact  with  the  platinum 
and  the  two  In  contact  with  the  sweeping  specimen. 
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Altar  a  30  eecond  argon  *teh,  lithium  waa  found  to 
be  present  on  both  tha  poaltlve  and  negative  graph- 
foil  electrode.  There  la  bom  avidance  of 
phoaphorua  on  both  alactrodaa.  On  tha  nagatlva 
elactrcJe  a  traca  of  Iron  waa  datactad.  Tha  aoac 
aurprialng  raault  waa  tha  trace  of  aluminum  found  on 
tha  poaltlve  alactroda  which  Indlcataa  aluminum  nay 
ba  tranaportad  aa  aoae  type  of  nagatlva  complex. 

There  are  small  particle*  of  quartz  embedded  In  the 
graphfoll  aurfaca  next  to  the  aampla  (Tig.  6)  which 
ware  datactad  by  SEH.  Auger  analyal*  of  the  aur¬ 
faca  of  thaaa  particle*  waa  generally  inconclusive, 
but  In  one  caaa  Iron  and  clcanlua  ware  detected  on 
the  partlclea  embedded  In  the  negative  electrode. 
Alualnuai  wax  found  In  one  of  the  partlclea  attached 
to  the  poaltlve  electrode.  The  tentative  concluelon 
from  thaaa  reaulta  la  that  Mat  of  the  lmpurltlea 
are  awapt  from  dlalocatlona  mince  the  migration  of 
Iron,  aluminum  and  tlcanluai  through  a  perfect  lat¬ 
tice  doea  not  eeem  likely,  lithium  haa  been 
datactad  at  the  poaltlve  electrode  before,  but  the 
poaalbla  detection  of  aluminum  at  the  poaltlve 
electrode  lndlcatea  that  aluminum  In  the  dlalocatlona 
My  form  a  complex  with  lithium  or  hydroxide.  We  are 
continuing  thla  lnveatlgaclon  ualng  material*  with 
higher  dlalocatlon  count*  to  lncreaae  the  Impurity 
concentration*  collected  during  awceping. 


4  C«.'4r  «.•!,«» i 

M  *»<••*•  ♦<  •<»»**«« 

(•t  41 


Wg.  6 


References 


1)  J.  Martin  and  A.  F.  Arlington,  J.  Crystal 
Growth  62  (1983),  p.  203. 

2)  J.  F.  Balaacio  end  A.  F.  Anclngton,  Proceedings 
of  the  40th  Frequency  Control  Syaposlua,  IEF.U 
86OI2330-9  (1986),  p.  70. 

3)  J.  Brice,  Reviews  of  Modern  Physic a,  57  (1985), 
p.  105. 

4)  A.  F.  Arlington,  J.  J.  Larkin,  J.  J.  O'Connor 
and  J.  A.  Korrigan,  Proceedings  of  the  35th 
Annual  Frequency  Control  Synposiun,  CIA 
Washington,  D.C.  (1981),  p.  297. 

5)  A.  F.  Arlington  and  J.  J.  Larkin,  J.  Crystal 
Growth,  71  (1985),  p.  799. 


215 


*1ST  ANNUAL  FREQUENCY  CONTROL  StMPOSIW,  1$#7 
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Summary 

5-HHa,  SC-cut,  reaonatore  were  fabricated  fro* 
cultured  quart*  electrodlffuecd  (swept)  In  vacuum  ambi¬ 
ent  and  were  ^°Co  Irradiated*  Steady-state  oscillator 
frequency  offset  Af/f  saturates  at  a  relatively  low 
dose  of  10  krad,  and  stays  approximately  constant, 

-120xl0~*,  up  to  1  Hrad.  The  Magnitude  of  Af/f  Is 
surprisingly  large  compared  to  resonators  fabricated 
froa  quarts  grown  In  the  saae  autoclave  run  and  swept 
-9 

In  air  aablent,  *10x10  ,  and  exceeds  even  that  of  res- 

_o 

onators  from  the  unawept  crystal,  -65x10  •  Infrared, 

anelastlc  loss,  and  ESR  characterisation  of  vacuua- 
swept  Material  show  conclusively  that  the  alualnua- 
lapurlty  coapensators,  alkali  aetal  Ions  and  protons, 
were  reaoved  by  sweeping,  and  that  the  only  observable 
point  defect  Is  the  Al-hole  center*  After  Irradiation 
ESR  data  shows  a  factor-of-four  Increase  In  Al-hole 
concentration.  We  propose,  that  the  dominant  defect 
formed  during  vacuua  sweeping  Is  a  negatively  charged 
diamagnetic  aluminum  center.  Under  noraal  conditions 
this  'bare  aluminum'  center,  lsoelectronlc  with  silicon 
dioxide,  Is  unstable,  but  vacuua  sweeping  ‘‘freeses" 
this  defect  Into  the  crystal.  During  Irradiation  the 
defect  loses  an  electron  and  la  converted  Into  the  one- 
hole  alualnua  center. 

Introduction 

Steady-state  radiation  effects  in  resonators 
fabricated  froa  high-quality  quarts  are  attributed  to 
radiation-induced  dissociation  and  formation  of  point 
defects  which  alter  the  elastic,  dielectric,  and  pie¬ 
zoelectric  constants,  and  cause  resonator  frequency 

3+ 

shifts.  In  cultured  crystal,  the  aajor  iapurity,  A1 
4+ 

substitutional  on  a  Si  site,  is  charge  compensated 
with  a  lithium  or  sodium  Ion,  and  forms  [A10^/Ll+)°  or 
(A10^/Na+)°  point  defect  centers.''  Irradiation  creates 

electron-hole  pairs  and  provides  an  alternate  coapensa- 

3+ 

tlon  mechanism.  After  irradiation,  A1  Is  charge  com¬ 
pensated  either  by  a  proton  released  from  an  011-defect, 
or  by  a  hole  trapped  at  an  adjacent  oxygen,  forming 

(A10^/H+J°  or  (A10^e+)°,  respectively.  Electrodlf- 
fusing  (sweeping)  quartz  at  high  temperatures,  in  air 
aablent,  dissociates  [A10^/Li+)°  or  [A10^/Na+]°,  phys¬ 
ically  sweeps  the  alkali  ion  from  the  crystal,  and 
forms  (A10^/H+)°.  In  the  sweeping  process  the  proton 


is  supplied  by  th«  air  aablent.  For  simplicity,  these 
centers  are  usually  designated  as  Al-Ll,  Al-Ka,  Al-OM, 
and  Al-hole.  The  point  defect  structure  of  quarts,  Its 
modifications  by  sweeping  and  Irradiation,  and  radia¬ 
tion  effects  on  resonators  and  oscillators  fsbrlcated 

froa  these  materials  are  reviewed  by  Crlscom,2  Weil3, 

Halliburton,  Martin,  and  Koehler,*  King  and  Koehler,3 

and  Upson  and  Kahan.* 

Resonators  fabricated  from  on  air-swept  crys¬ 
tal  have  smaller  Af/f  than  those  fabricated  froa  an 
7-9 

as-received  crystal.  This  effect  was  Interpreted  by 
arguing  that,  in  as-received  quarts,  radiation  redis¬ 
tributes  OK-defects  and  alkall-metal  Ion  coapensators 
and  causes  a  change  in  the  pertinent  material  con¬ 
stants.  In  air-swept  quarts,  all  alualnua  impurities 
are  compensated  by  protons,  and  radlatlon-lnduced  re¬ 
distribution  of  protons  does  not  occur.  It  was  con¬ 
jectured  that  steady-state  Af/f  and  transient  fre¬ 
quency  offsets  can  be  further  reduced  by  removing  not 
only  all  alkall-metol  Ions  but  also  the  Internally 

generated  protons.'®  In  principle,  this  can  be  accom¬ 
plished  by  sweeping  the  crystal  In  a  vacuua  or  Inert 
gas  ambient,  the  process  suggested  by  King  for  reducing 
transient  radiation  sensitivity  to  pulsed  Irradia¬ 
tion."  It  was  further  assumed  that  after  vacuua 
sweeping,  in  the  absence  of  LI,  Ns,  or  proton  compensa¬ 
tors,  the  dominant  Al-defect  is  (A10^n+J°.  We  then 

define,  for  this  paper,  a  “vacuum-swept'  crystal  as  one 
from  which  all,  or  most,  Interstitial  alkall-metal  ions 
and  protons  have  been  reaoved.  However,  as  shown  in 
Ref.  10,  protons  can  not  be  completely  removed  froa 
crystals  with  high  Al-lmpurity  concentration. 

In  this  investigation  we  report  Af/f  data  for 
5-MHz  resonators  fabricated  froa  high-quality,  low  alu¬ 
minum-impurity,  vacuum-swept  quarts.  After  vacuua 
sweeping  the  quartz  was  characterized  by  Infrared,  an- 
clastlc  loss,  and  ESR  measurements  to  insure  that  the 
crystal  does  not  contain  ionic  impurities  or  protons. 

We  also  report  ESR  data  on  irradiated  vacuum-swept 
crystals. 

Experimental  Procedures 

Premlum-Q  quarts  evaluated  In  this  investiga¬ 
tion  was  grown  at  Sawyer  Research  Products  (SARP),  and 
is  designated  as  autoclave  run  D14-45.  One  crystal  was 
lumbered  into  two  pure  Z-growth  bars.  The  Z  faces  of 
one  bar  were  clamped  between  platinum  foil  electrodes 

and  swept  at  500  °C,  10  3  Torr  vacuum,  and  electric 
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FIG.  1.  Normalized  radlatlon-lnduced  oscillator  fre¬ 
quency  change  Af/f  aa  a  function  of  tlae  for  an  SC-cut 
reaonator  fabricated  fro*  vacuum-swept  quart*-  The 
tlae  period*  thoulng  frequncy  decrease*  correspond  to 
the  radiation  exposures.  Increaental  and  accuaulated 
doaea  are  altown  In  krad.  Low  doae  rat*  waa  uaed  up  to 
AO  krad  accuaulated  doae,  and  high  doae  race  between  AO 
and  1062  krad. 


field  Intenalty  of  1000  V/ca.  The  electric  field  waa 
maintained  during  the  cooling  period-  The  Al-lapurlty 
concentration  of  thla  cryatal,  determined  froa  Infrared 
aeaaureaenta  on  a  companion  air-swept  saaple,  1*  ap¬ 
proximately  0.7  ppa.  Previous  ESR  aeasureaent*  on  oth¬ 
er  crystal*  grown  In  this  autoclave  run  alto  Indicate 
0. 7-1.0  ppa  alualnua.  Compared  to  other  coaaerclally 
grown  Premium-^  quartz,  D1A-AS  has  a  low  Al-lapurlty 
concentration  and  has  been  utilized  In  aany  other  In¬ 
vestigations.  ^  Resonator  units  fabricated 

froa  the  bar  at  Frequency  Electronics,  Inc.  were  5-MHz, 
Sth-overtone,  SC-cut,  biconvex,  gold  electroded,  and 
theraal  compression  bonded. 

The  experimental  procedures  for  85  K  Infrared 

measurements  are  described  In  Ref.  6.  The  3581  co  * 
peak  is  taken  as  the  indicator  of  OH-defect  centers, 

and  the  3366  ca  *  peak  as  a  measure  of  [A10^/H+J° 
strength.  ESR  experlaontal  procedures  and  the  rela¬ 
tionship  of  (AlO^e  J°  strength  to  Al-lapurlty  concen- 


•  <2h 


FIG.  2.  Radiation-Induced  steady-state  frequency  off¬ 
set  Af/f  as  a  function  of  accuaulated  dose  of  resona¬ 
tors  fabricated  froa  as-received  (unswept),  u,  air- 
swept,  *1  and  s2,  and  vacuua-swept,  vl  and  v2,  Pre¬ 
mium-!)  DIA-AS  crystal*  grown  In  the  same  autoclave  run. 


tratlon  for  as-received,  Irradiated,  and  alr-awept 
quartz  are  described  In  Refs.  15  and  16.  Experimental 

procedures  for  Irradiation  and  oscillator  frequen¬ 
cy  offset  aeasureaent*  as  a  function  of  dose  are  given 
In  Ref.  17. 

Result* 

Figure  1  show*  normalized  radiation-induced 
oscillator  frequency  offset  A  f/f  as  a  function  of  tlae 
for  an  SC-cut  resonator  fabricated  froa  a  vacuum-swept 
crystal,  and  operated  at  its  lower  turnover  teapera- 
ture,  9A  °C.  The  tlae  period*  showing  frequency  de¬ 
creases  correspond  to  the  radiation  exposures. 
Increaental  and  accuaulated  doses  are  shown  In  krad. 

The  Initial  ®®Co  Irradiation  Increments  were  1,  2,  7, 
and  10  krad,  at  a  dose  rate  of  0.58  krad/aln.  After 
each  exposure  the  oscillator  frequency  was  allowed  to 
recover  for  a  short  tlae  period  and  approach  a  steady- 
state  condition.  At  the  coapletlon  of  the  first  Ir¬ 
radiation  sequence  the  oscillator  was  allowed  to  re¬ 
cover  for  approximately  3  days.  The  oscillator  was  a- 
galn  exposed  to  the  same  sequence  of  Irradiation  lncrc- 
aents,  and  allowed  to  recover  for  18  days.  The  oscil¬ 
lator  was  then  Irradiated  at  a  dose  rate  of  9.3 
krad/aln  with  Increments  of  11,  Al,  117,  267,  and  586 
krad  to  a  total  accumulated  dose  of  1.06  Mrad. 

Figure  2  shows  the  steady-state  Af/f  as  a 
function  of  accuaulated  dose  for  two  resonators,  vl  and 
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v2,  fabricated  from  vacuum-swept  quartz.  loth  reso¬ 
nator*  give  similar  result*.  At  lou  Irradiation  doge*, 

Af/f  decree***  rapidly,  -40x10“'  after  1  krad  and 
~U2xlO~*  after  20  krad  accumulated  do**,  the  vertical 
line*  In  Fig.  2  denote  the  effect  of  the  long  recovery 
period*.  After  20  krad  accumulated  dog*  Af/f  recov¬ 
ered  to  -90x10"*.  After  AO  krad  Af/f  d*cre**ed  to 

-9  -9 

-110x10  and  recovered  to  -90*10  after  16  day*. 

After  1.06  Krad  the  frequency  decreased  to  -130*10 

_q 

and  recovered  to  -120*10  after  7  day*. 

Figure  2  also  y'hov*  radiation  sensitivity  of 
AT-cut  resonator*  fabricated  from  as-received  unswept, 
u,  and  alr-awept,  «l  and  *2,  crystal*  grown  In  the  same 
autoclave  run.  For  the  *ame  dose  range,  awxlmum  Af/f 
-9  -9 

Is  -63x10  and  110x10  ,  respectively.  The  difference 
between  *1  and  *2,  negative  versus  positive  offset,  may 
not  be  Intrinsic  to  the  material  hut  could  reflect  res¬ 
onator  fabrication  difference*.  In  addition  to  steady- 
state  Af/f  radiation  sensitivity,  Fig.  1  data  also 
show  rather  large  Af/f  recovery  after  each  exposure, 

_o 

ranging  from  3  to  ASxlO  .  It  requires  more  than  10 

-9 

day*  to  reach  a  steady-state  within  10  .  Correspond¬ 
ing  Af/f  recovery  for  the  air-swept  resonators  si  and 
-9 

*2  ranges  from  2  to  12x10  ,  and  reaches  in  2  days  a 

steady-state  within  10~l®.  Our  result*  then  Indicate 
that  vacuum  sweeping  1*  ineffective  In  reducing  Af/f 
sensitivity  to  radiation.  However,  the  relatively  low 
dose  required  for  saturation  Implies  that  a  30-100  krad 
prophylactic  Irradiation  Is  highly  beneficial  In 
reducing  subsequent  steady-state  frequency  offsets. 

Figure  3  show*  spectral  band  strength*  as¬ 
sociated  with  OH-dafect  and  (A104/ll+)°  centers.  85-X 

Infrared  spectra  were  measured  and  scanned  along  the 
crystal  *  axis  before  and  after  vacuum  sweeping, 

annealing,  and  irradiation.  As-received,  the  3381  cm  * 

absorption  was  *0.05  cm"1  between  0  <  t  <  8  mm,  and 

Increased  gradually  to  **0.10  cm  1  at  x  »  15  am. 

Results  for  A  days  of  vacuum  sweeping  are  taken  from 
Ref.  10,  where  we  also  nhowed  data  for  as-received 
quartz,  after  air  sweeping,  and  after  3,  6,  12,  and  24 
h  of  vacuum  sweeping.  After  4  days  of  vacuum  sweeping 
only  one-half  of  the  sample  was  clear  of  OH-defccts  and 

(AlO^/H+)°,  as  measured  by  the  3581  and  3366  cm  1 

peaks,  respectively.  After  9  days  the  protons  were 
also  removed  from  the  region  near  the  cathode  but  a 

small  amount  of  (A10^/ll+]°  vas  re-introduced  at  the 

anode.  In  a  sample  with  higher  Al-lmpurlty  and  011- 
defect  concentrations,  after  31  days  of  vacuum-sweeping 
the  anode-half  of  the  crystal  was  clear  of  Impurities 

but  011-defects  and  [AlO^/11  J  Increased  substantially 

towards  the  cathode.  Protons  can  be  completely  removed 
only  from  crystals  with  low  Al-lmpurlty  concentration. 
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FIC.  3.  85-K  infrared  strength  of  OH-defcct  and 
(AtO^/H*)0  associated  bands,  and  Al-lmpurlty 
concentration  from  RSR  (AlO^e*)0  signal  strength,  of 

vacuum-swept  quartz  as  a  function  of  position  along  the 
sweeping  axis  z. 

al  (A10^/H+)°  In  the  edge  region  of  the  crystal  la  out¬ 
side  the  energy-trapping  portion  of  the  disk,  And  has 
little  Influence  on  the  oscillator  frequency.  Ue  also 

performed  anelasclc  log*  measurements,  q""1(t),  from  10 
K  to  100  °C,  and  we  did  not  observe  any  band*  which  can 
be  associated  with  the  sodium  compensator.  Based  on 
arguments  presented  In  Ref.  10  regarding  Che  formation 

of  (Al04/H+)°  as  an  Intermediate  state,  we  are  also 

certain  that  lithium  Ion  compensator*  were  removed. 
These  characterization  results  then  Indicate  thac  the 
procesaed  bar  is  Indeed  vacuum-swept,  and  contains  only 

a  small  concentration  of  (A10^/H*)°  In  a  geometric 

region  which  does  not  influence  resonator  results. 

Figure  3  also  shows  E5R  determined  Al-lmpurlty 
concentration,  measured  by  (A10^e+]°  strength,  after 
the  9-day  vacuum-sweeping  for  sample  positions  along 

o 

the  sweeping  axis.  (AlO^e  1  strength  varies  from  0.24 

ppm  at  the  anode  to  0.04  ppm  near  the  cathode,  with  an 
average  value  of  0.16  ppm.  After  Irradiating  at  77  K, 
the  average  concentration  Increases  to  0.7  ppm.  Irradi¬ 
ating  at  room  temperature,  followed  by  a  second  low 
temperature  exposure,  reduces  the  average  value  to  0.6 
ppm. 


Discussion 


SCF  HO  results 


After  the  9-day  vacuum-sweeping  the  crystal 
was  annealed  at  500  °C.  The  subsequent  infrared  spec¬ 
tra  show  no  change  in  OH-defecc  and  (A10^/H+]°  bands, 

Indicating  that  for  all  practical  purposes  the  protons 
were  removed.  In  the  fabricated  resonator,  the  resldu- 


Woil  and  his  coworkers  using  Ilartree-Fock 
self-conslstent-fleld  molecular-orbital  (SCF  HO)  meth¬ 
odology,  calculated  atomic  positions,  spin  densities, 
net  charge,  and  total  energy  for  the  major  substltu- 

18-20 

tlonal  aluminum  centers  In  quartz.  Calculations 

were  carried  out  using  a  10-  and  a  22-atom  cluster. 
Computer  modeling  for  some  of  these  point  defects  in 
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FIC.  A.  SCF  MO  calculated  relative  energy  levels  and 
bond  lengths  of  Al-related  defect  centers  in  quarts, 
Refs.  19  and  20. 


[aio4/h+]° 

FIG.  5.  Two  configurations  of  the  hydrogon-coapentaeed 

diamagnetic  center  (Al04/H+]°.  Energetically  the  aodel 

depicted  on  the  right  Is  slightly  aore  favorable.  Bond 
lengths,  In  A,  are  bated  on  SCF  MO  calculation,  Ref. 

20. 


[aio4/u+]° 

FIG.  6.  Two  configurations  of  the  lithium-compensated 

diamagnetic  center  (A10^/Li+]°,  Ref.  20.  Energetically 

the  aodel  depicted  on  the  right  is  slightly  aore 
favorable. 


quart*  using  a  19-  and  a  33-atom  cluster  were  also  car¬ 
ried  out  by  WlWon  et  al. 31,22  limitation*  Imposed  by 
the  more  restrictive  10-  and  22-atom  aodel  are  de¬ 
scribed  in  the  references.  V*  are  interested  In  a  com¬ 
parison  of  relative  energy  value*  of  aluminum  defects, 
and  for  this  purpose  w<  extract  from  result*  obtained 
by  Well  and  hla  coworker*.  Figure  A  summarise*  some  of 
their  result*  in  the  form  of  an  “energy  level”  diagram 
for  the  various  Al-defect  center*.  The  corresponding 
lowest-energy  atomic  configurations  are  shown  in  Figs. 

S  to  10.  The  compensator  can  be  attached  either  to  one 
of  the  two  equivalent  oxygens  designated  In  Fig.  10  as 
0(1)  and  0(2),  or  to  one  of  the  two  equivalent  oxygens 
designated  0(3)  and  0(A).  The  energy  difference 
between  the  two  configuration*  Is  small,  0.03  eV  for 
proton  compensation  and  0.16  eV  tor  lithium  compensa¬ 
tion,  with  the  compensator  residing  on  0(3)  or  0(A) 
having  the  lower  energy  state.  Figures  S  and  6  show 
both  configurations,  but  for  simplicity  w«  list  in  Fig. 
A  only  the  lower  energy  state.  Similarly,  we  omit  the 

excited  state  (Al04e+1°^,  separated  from  the  ground 
state  (Al04e+]°  by  0.03  eV.  |Al04«+)°  Is  very  similar 
to  (AlO^e*)0,  except  that  the  hole  Is  local Ued  on  0(1) 
or  0(2). 

The  diamagnetic  center  (A10ft/H+J°,  Fig.  5,  is 
the  defect  with  the  lowest  energy,  and  is  chosen  as  the 
energy  baseline.  [A104/Lt+)°,  Fig.  6,  It  3*8  «V  and 
(A104/Na+)°,  Fig.  7,  Is  9.8  eV  above  (Al0,/H+)°.  Qual¬ 
itatively,  the  Increased  stability  as  one  goes  from 

X  X 

Na  ,  via  U  ,  to  II  la  consistent  with  crystal  growth 
and  sir  sweeping  experience.  In  an  as-received  cul¬ 
tured  crystal  the  dominant  defect  la  (A104/Ka+J°.  If  a 
small  amount  of  lithium  salt  Is  added  during  crystal 
growth  the  dominant  defect  becomca  (A104/ll+)°.  Wien 

protona  become  available,  either  from  sweeping  In  air 
ambient  or  during  Irradiation  from  011-defect  sites, 

IA104/H+)0  forms  both  In  sodium  and  lithium  compensated 

samples. 


FIG.  7.  Model  of  the  sodium-compensated  diamagnetic 
center  [A104/Na+)°,  Ref.  20. 
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FIC.  8.  Model  of  hydrogen-compensated  paramagnstlc 
center  (A104e+/«V,  Kef.  20.  The  shaded  sphere 
Indicate*  the  hole-besring  oxygon  Ion. 


FIG.  9.  Model  of  the  aluminum  one-hole  (AlO.e*)0  and 
4*  4*  *f  ** 

nlualnua  two-hole  [AlO^c  e  ]  center*,  Ref.  19.  The 
shaded  sphere*  Indicate  the  hole-bearing  oxygen  Ion*. 


FIG.  10.  Model  of  pure  alpha-quartr  unit  {S10^]°,  and 
the  diaaagnetlc  alualnua  center  (AlO^]  ,  Ref.  19. 


Figure*  8  and  7  show  the  Important  result  that 
for  (A104/U+|°  th«  lithium  Ion  Is  situated  on  the 
2-fold  Cj  symmetry  axis,  whereas  for  (AlO^/!*a4)0  the 

sodium  ion  i*  situated  off  the  symmetry  axis.  The  same 
configurations  are  also  obtained  by  uilson  et  *1.  using 

the  t9-*io«  model.21  These  calculations  confln*  the 

23  24 

model  suggested  by  Toulouse,  Green,  and  Mowtck,  * 
and  explain  the  existence  of  {AlO^/Va*)0  and  the  ab¬ 
sence  of  (Al04/Ll+J°  peak*  In  acoustic-  and  dlelectrlc- 
loss  spectra. 

Figure  4  also  lists  energies  for  one-hole  cat- 

ion  compensated  paramagnetic  centers,  (A104«  /M  )  ,  M 

«  K,  U,  separated  from  the  corresponding  diamagnetic 
defects  by  about  4  eV.  The  energy  configuration  for 

X  ^ 

|Al04e  /!<*  )  has  not  been  calculated,  but  it  Is  as¬ 
sumed  that  it  exists.  Figure  8  depicts  (Al04e+/H+)+. 

It  has  the  |A104/H+J°  configuration  with  the  proton  lo¬ 
calised  on  0(4)  and  the  hole  localised  on  0(2),  one  of 
the  two  equivalent  oxygen*  opposite  the  proton.  A  Sim¬ 
ilar  model  hold*  for  |AlQ4e+/M+)+,  with  the  hole  lo- 

calltad  on  one  of  the  oxygen*  on  the  opposite  side  of 
the  lithium  ion*  These  defects  arc  stable  at  low  tem¬ 
perature  but  decay  below  room  temperature.  These  cen¬ 
ter*  may  be  applied  In  Interpreting  transient  radiation 
effects  for  resonator*  Irradiated  at  room,  or  higher 

temperatures.  The  diamagnetic  defect  |A104/M+)°  ac¬ 
quires  a  temporary  charge  during  room-temperature  Irra¬ 
diation,  and  subsequently  relaxes  to  the  lower  energy 
state* 

The  one-hole  and  two-hole  aluminum  centers, 
(A104e+)°  and  |Al04e+e+)+,  Fig.  9,  lie  16.2  and  20.0  eV 
above  |Al04/H+)°,  respectively.  (A104e+e+)+  Is  ob¬ 
served  after  low  temperature  Irradiation  and  decays 
when  the  crystal  Is  warmed  to  room  temperature.  Calcu¬ 
lations  also  indicate  the  possible  existence  of  a 

charged  diamagnetic  aluminum  Impurity  center,  (A104)  , 
Fig.  10,  17.1  eV  above  (A104/H+)°  and  0.9  eV  above 
(A104c*1°.  It  is  the  simplest  (S104)°  lsoclectronlc 

Al-lmpurlty  center,  a  "bare-Al“  center.  The  bare-Al 
center  has  not  been  observed  experimentally,  It  is  con- 

^  0 

sidered  unstable,  and  will  relax  to  [A104e  )  with  the 
acquisition  of  s  charge,  (A104)  +  e+  -4  [A104e+)°. 

Vacuum  swept  quarts 

There  are  two  basic  Issues  raised  by  the  Af/f 
and  ESR  data:  (1)  the  very  large  frequency  offset,  and 
(2)  a  consistent  compensation  scheme  for  Al-lmpurlty  In 
unlrradlated  and  irradiated  vacuum-swept  samples. 

*4  o 

Vacuum-swept  implies  the  absence  of  [A104/L1  ]  , 
[A104/N*+]°,  OH-defect,  (A104/H+J°,  and  radiation- 

induced  ionic  motion,  yet  the  frequency  offset  Is 
larger  than  either  for  as-received  or  for  air-swept 
samples.  Also,  In  the  absence  of  Ionic  centers,  the 
logical  Al-impurity  compensator  for  unlrradlated 

vacuum-swept  material  Is  [A104e  ]°,  but  experimentally 
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w*  find  that  only  23X  of  ih«  Al-impwrlty  is  in  the  for* 

of  (A104«V* 

in  a*-r<scelvsd  high-quality  cultured  Fr«miu*-<} 
quartz  the  principal  compensator  («  lithium,  forming 

■4-  Jj 

(AlQ./U  )  •  Frotons  in  quartz  are  mobile  at  77  A,  but 

'  25 

lithium  diffuses  only  above  200  K.  Irradiating 
quartz  «t  77  K  dissociates  | a104/K4'Jo  «n4  forms 
(Al04*+)°,  but  leave*  {A104/U+J0  unchanged.  Our  In¬ 
frared  specif*  ln41c*tc  thst  the  vacuum-ewept  sample  is 
almost  (A104/H+)°  free,  *n4  the  ESA  observe4  increase 
in  (Al04«+)°  from  0.16  ppm  to  0.7  ppm  after  the  first 
low-temperature  Irradiation  can  not  be  attributed  to 
the  dissociation  of  (Al04/H+)°  or  JA104/llV* 

In  ESA  investigations,  the  rationale  for  the 
subsequent  room-temperature  irradiation  followed  by  a 
second  low-temperature  esposure  is  that  the  room-ten- 

perature  irradiation  dissociates  (AlO^/Ll  )  ,  forms 
|Alo4/H+)°  and  |Al04*+)°,  and  the  subsequent  low-tem¬ 
perature  exposure  dissociates  the  newly  formed 
(A104/H+|°  and  forms  additional  (AlO^e4]0.15'16  Conse¬ 
quently,  the  low-,  room-,  and  low-temperature  irradia¬ 
tion  scheme  for  an  as-received  lithium  compensated 

crystal  converts  all  Al-inpurlty  defects  to  |A104c+)°. 
On*  then  alway*  observe*  an  increase  in  |A104*+)°  after 

the  second  low-temperature  irradiation.  The  tame 
scheme  for  an  air-swept  sample  is  used  to  assess  sweep¬ 
ing  completeness.  If  the  air-sweeping  process  wss  com¬ 
plete,  thst  Is,  if  >11  lithium  conpensstors  were  swept 
from  the  crystal,  the  first  and  second  low  temperature 

irradiations  will  give  ldentlcsl  [A104«+1°  strength, 

but  if  the  process  was  incomplete,  the  second  low-tem¬ 
perature  irradiation  will  show  sn  incresst  in 

JAlO^t  j°.  For  our  vscuum-swept  ssmples,  after  the 
aecond  low  temperature  irradiation,  we  observe  a  de¬ 
crease  in  (Al04e+)°,  from  0.7  to  0.6  ppm.  This  sgsln 

confirms  our  contention  that  the  vacuum-swept  bsr  is 
lithium  free,  but  raises  the  question  of  the  identity 
of  the  Al-lmpurtcy  compensator  in  the  unirradiated  and 
irradiated  crystal. 

Aluminum  impurity  compensator 

We  propose  thst  most  of  our  radiation  effect* 
data  on  vacuum-swept  quartz  can  be  interpreted  in  a 
fairly  consistent  manner  by  assuming  that  the  dominant 

defect  formed  during  sweeping  is  [AlO^]  .  The  exist¬ 
ence  of  this  "bare-Al"  center,  ltoelectronlc  w‘th 
tS104l°,  is  deduced  from  centers  formed  by  nearby  in¬ 
terstitial  cations,  and  under  normal  conditions  they 
are  unstable.  It  is  our  contention  that  the  center 
forms  under  the  simultaneous  high  temperature  and  elec¬ 
tric  field  conditions  prevailing  during  vacuum  sweep¬ 
ing,  and  it  becomes  "frozen-in"  during  cooling  with  the 
electric  field  still  applied.  Overall  crystal  charge 
neutrality  requires  an  equal  amount  of  positively 
charged  traps  at  other  sites.  Another  possibility  is 
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the  formation  of  {Al04e  e  )  ,  but  in  our  vacuum-swept 

samples  we  find  no  experimental  ESA  evidence  for  this 
defect*  Irradiating  a  crystal  creates  electron-hole 
pairs;  unidentified  defects  trap  the  electrons  and 

(Al04f  trap  the  hole*  and  become  (A104§+)°. 

Considering  (A104|“  as  the  precursor  to 
|Al04e+|°  explains  the  increased  strength  of  this  cen¬ 
ter,  0.16  to  0.7  ppm,  between  unlrradlated  and  low-itm 
perature  Irradiated  vacuum-swept  crystals.  In  our  ESA 
experiments  the  samples  were  Irradiated  at  low-tempera¬ 
tures,  but  this  Irradiation  does  not  need  to  take  place 

at  77  K.  The  same  Increase  In  (A104e+)°  ESA  signal 

strength  was  also  obtained  after  Irradiating  a  vacuum- 
swept  sample  directly  at  room-temperature.  In  addi¬ 
tion,  this  ssmple  was  irradiated  in  increments,  and 

showed  |A104e*}°  saturation  at  relatively  low  doses, 
consistent  with  Af/f  results.  However,  the  proposed 
|A104J"  model  does  not  explain  the  subsequent  decrease 
in  |A104e+)°  after  the  second  low  temperature 
irradiation. 

Consistent  with  previous  Interpretations,  w«  im¬ 
plied  that  the  magnitude  of  resonator  frequency  offset 
is  related  to  radiation-induced  ionic  redistribution, 
the  larger  the  ion  the  greater  the  effect.  From  a  more 
fundamental  point  of  view,  change*  in  material  con¬ 
stant*  are  due  to  defect  structure  modifications,  whet¬ 
her  caused  by  ionic  redistribution  or  any  other  mecha¬ 
nism.  Specifically,  we  associate  material  constant 
changes  with  radiation-induced  changes  in  Al-0  bond 
length  and  Al-H  distance. 

In  Fig.  6,  for  the  ionic  centers,  we  list  the 
Al-0  bond  length  for  the  oxygen  nearest  to  the  inter¬ 
stitial  impurity,  and  for  th«  hole  centers,  we  list  the 
Al-0  bond  length  for  the  oxygen  with  the  missing  elec¬ 
tron.  Figures  5  to  10  also  show  the  SCF  HO  calculated 
bond  lengths.  The  calculated  Si-0  bond  length  is  1.70 
X.  For  the  compensated  diamagnetic  center* 

fA104/Na+J°,  |A104/U+]°,  and  [A104/H+)°  the  O-Na, 

0-M,  and  0-H  distances  are  1.96,  1.67,  and  0.98  X,  and 
the  corresponding  Al-0  bond  length  Increases  from  1.70 
to  1.77,  1.76,  and  1.91,  respectively.  Hie  almost 
identical  Al-O(Na)  and  Al-O(Ll)  bond  lengths  do  not 
necessarily  imply  that,  for  the  same  Al-lmpurlty  con¬ 
centration,  sodium  and  lithium  compensated  sample*  will 
have  the  same  radiation  sensitivity.  In  addition  to 
Al-0  changes,  one  also  has  to  consider  effects  caused 
by  large  0-N*  and  0-L1  differences.  Experimentally, 

the  frequency  offaee,  at  1  Mrad  ^Co  irradiation,  of  s 
resonator  fabricated  from  an  air-swept  D14-45  crystal 

-9 

which  was  subsequently  S'a-swept,  is  +760x10  ,  compared 

-9  9 

to  -35x10  for  the  Ll-doped  material  ahown  in  Fig.  2. 

Figure  4  shows  thst  the  Al-0  bond  length  for 
IA104)  Is  1.71  A,  and  for  [A104e+]°  the  bond  length, 

from  the  aluminum  to  the  oxygen  with  the  localized 
hole,  relaxes  to  1.99  A.  Our  proposed  mechanism  for 
irradiated  vacuum-swept  material,  the  transformation  of 

M  +  0 

[A104]  into  [AlO^e  ]  ,  causes  the  largest  Al-0  bond 

length  change  for  any  possible  Al-defect  modification. 
As  a  consequence,  this  causes  large  elastic  constant 
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changes,  And  correspondingly  Urge  frequency  offset*, 

-120x10“*  after  1.06  Mrad.  Baaed  on  Al-0  bond  length 
consideration,  overall  radiation  sensitivity  in  an  air- 
swept  saaple,  where  all  defect*  both  before  and  after 

irradiation  are  In  the  for*  of  (AlOt/K+)°,  should  be  at 

a  atnlaua,  Thl«  la  Indeed  observed  experlaentally, 

Pig.  2,  for  reaonatora  el  and  *2,  fabricated  free  the 
saae  air-swept  bar. 

Conclusion* 

Oaclllatora  utilising  reaonatore  fabricated 
fro*  low-Al-iapurlty  quart*  awept  in  vacuum  aabient 
show  surprisingly  large  tadiat ion-induced  frequency 
offaet.  Moreover,  the  offaet  aaturatea  at  relatively 
low  radiation  doge*.  Our  reaulta  then  Indicate  that 
vacuum  sweeping  1*  ineffective  In  reducing  Rteady-atate 
Af/f  sensitivity  to  radiation.  However,  the  relative¬ 
ly  low  duae  required  for  aaturatlon  tnpliea  that  a  50- 
100  krad  prophylactic  Irradiation  i*  highly  beneficial 
in  reducing  «ub*equent  ateady-atate  frequency  offsets. 

CSX  neaaureMcnt  of  irradiated  vacuun-gwept 
cryatala  ahowa  the  puxxllng  reault  that  after  Irradia¬ 
tion  (A10^e+)°  concentration  Increaaea  by  a  factor  of 
four,  indicating  that  after  vacuun  aweeplng  a  large 
percentage  of  Al^*  wai  in  the  fora  of  another  defect,  a 
precuraor  to  (AlO^e*)0. 

He  propoae  that  the  data  can  be  Interpreted  by 
aaaualng  that  the  doolnant  defect  foraed  during  vacuua 

aweeplng  la  the  dlaaagnetlc  (AlO^J  center.  It  1*  our 

contention  that  under  the  aiaultaneou*  high  teaperature 
and  electric  field  condition*  of  vacuua  aweeplng, 

(A104|“  fonts  and  la  "froxen"  into  the  cryatal  during 

cooling.  Irradiating  a  cryatal  create*  elactron-hole 
pair*;  unidentified  defects  trap  the  electrons,  and 

(AlO^)  trap  hole*  and  becoae  |Al0^e+)°.  This  results 

In  the  largest  possible  Increase  in  Al-0  bond  length, 
froa  1.71  A  to  1.99  A,  which  causes  large  elastic 
constant  change*  and,  consequently,  large  oscillator 
frequency  offset*. 
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Summery 

Inn-doped  quart*,  w tably  cultured  amethyst,  ha? 
been  studied  by  combining  the  technique*  of  dielectric 
relaxation  (OR)  end  @1  ectron  spin  resonance  lESR)  on 
the  same  sample*.  .In  addjtion.  sample*  examined  were 
swept  with  Ra  ,  LI  and  K  .  Tlte  OR  mult*  Show  few 
new  relaxation  peaks  (at  20,  9<»,  138  and  19$  X  for  a  1 
kH*  frequency)  two  of  wnich  (2*)  and  138  X)  appear  only 
fer  Ra-swept  sample*.  The  S3R  measurement*  shew  three 
center*  5,,  5,  and  Sr  T$e  5.  center  Is  believed  lo  be 
due  to  suostltujlwaf  FeJ  with  an  adjacent 
Interstitial  LI  len,  while  the  5?  Is  Owe  to  an  Fe-OH 
center.  On  the  ether  hand,  the  Si  spectrum,  which 
apparently  has  net  been  reported  previously,  Is  due  to 
Fe-Ra  pairs,  and  is  related  to  the  20  X  and  138  X  OR 
peak*.  It  appears  that  the  3.  and  5.  centers  do  not 
have  dr  equivalents.  Accordingly,  the  99  X  and  198  X  OR 
peak*  nay  be  related  to  Fe  In  a  valence  state  other 
than  3*- 


Introduction 


It  Is  well  bnown  that  Inpurlues  and  point  defects 
play  a  large  role  In  determining  the  properties  ef 
a-quartx,  and  thus  determine  it*  usefulness  for  ,  - 
precision  frequency  control  In  electronic  devices. 

There  has  been  a  long-standing  Interest  In  the  effects 
of  Fe  In  quart*,  particularly  In  view  of  the  naturally 
occurring  for*#  of  amethyst  and  citrine.  In  spite  of  a 
large  number  of  studies,  however,  It  can  he  said  that 
we  bnrw  relatively  Utile  about  defects  Involving  Fe  as 
an  Impurity  compared,  for  example,  to  those  Involving 
A).  In  fact,  with  the  aid  of  a  wide  ranges  of 
techniques  (especially  Infrared  absorption,  dielectric 
and  anelastlc  relaxation  and  electron  spin  resonancei 
ESR)  it  has  been  found  that  A1J  Ions  subsUiuUrnally 
occupy  Si  sites  at  the  center  of  a  distorted 
tetrahedron  of  u*-  Ions  (see  Fig.  1),  and  that  the 
AlJ*lon  Is.charge. compensated  by  ejther  an  Interstitial 
alball  (LI  or  Ha  )  or  a  proton  (H  ).  In  this  way 
centers  called  Al-U,  Al-Na  or  A1-0K  are  formed,  the 
Utter  designation  because  the  proton  resides  on  one  of 
the  adjacent  Onions  forming  an  Oll’lon.  Finally, 
Irradiation  at  row  temperature  can  drive  orf  «i  nlball 
and  replace  It  with  an  electron  hole  to  obtajn  the 
aluminum-hole,  Al-h,  center.  The  case  of  Ha 
ocwpensatlon.(Al-Ma  center)  Is  especially  Interesting, 
since  the  Ha  Ion  resides  off  the  2-fold  symmetry  axis 
(denoted  by  C-  In  Fig.  l)  in  one  of  two  sets  of 
equivalent  sites  (denoted  by  a  and  S  In  Fig.  1).  This 
defect  then  gives  rise  to  two  dielectric  relaxation 
peabs,  one  due  to  the  a  sites,  the  other  to  the  8 
sites,  and  similarly  It  gives  rise  to  j  pair  of 
anelastlc  (Internal  frlcjlcn)  peaks.  ’  In  the  case  of 
the  Al-Ll  defect,  the  LI  Ion  sits  on  the  C_  axis  and, 
therefore,  produces  ro  such  relaxation  peaks. 


The  Ft^  len  differ*  from  Al*  In  several  I  spec  jam 
way*.  First,  it  he*  a  larger  lenlc  radius  than  Al* 
anj. therefore  1*  such  larger  (by  -  53))  than  the 
Si  len.  Second,  It  can  change  glance  under 
Irradiation  conditions,  while  Ar  probably  does.net. 
Finally,  U  possesses  a  half-filled  3d  shell  (3d*),  so 
that,  unlike  the  Ar  Ion,  it  1*  paramagnetic  and  gives 
rise  to  a  strong  KR  spectrum.  This  allow*  one  to 
obtain  Information  about  It*  crystal  site  and  nearby 
defects.  Thus,  in  contrast  to  Al-contalnlng  quart*, 
where  RSR  signal?  can  only  be  observed  following 
Irradiation,  E3R  ha*  provided  the  principal  technique 
for  the  study  of  Fe-contalnlng  quart*.  A  brief  review 
of  the  literature  show*  that  four  distinct  tSR  spectra 
have  received  major  attention.  Ta*. first  of  these  to  be 
characterised  was  the  3,  centyr.  Tnls  defect 
ap^rently  consist*  of  in  F#J  ion  substituting  for  a 
Si  with  an  adjacent  Interstitial  Li  ion  providing 
the  needed  charge  compensation.  A  similar  FeJ  KSR 
spectrum,  except  with  a  larger  crystal  field  splitting 
and  a  weak  hyperflne  splitting  due  to  an  I  -  1/2 


Fig.  1.  Schematic  diagram  shewing  the  distorted 
tetrahedron,  the  basic  structural  unit  of 
a-quarts,  with  A1J*  replacing  SI  .  The 
tetrahedron  contains  a  single  twofold  symmetry 
axis  (In  the  x  direction)  designated  c~.  Also 
shown  are  the  two  equivalent  o-sltes  and  thf 
two  equivalent  g.siLfS.  An  Interstitial  Ha 
compensating  the  A1J  will  go  into  one  of 
these  four  sites. 
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Temperature  (K) 


rig'  2.  Dielectric  less,  tsn  4,  at  1  kHx  a?  a  function 
of  temperature  from  3  to  ISO  K  for  a  R»-?wept 
amethyst  sample. 


S  Q 

nucleus,  ha?  been  designated  tty*  S^,  center.  '  This 
defect  t>  a  substitutional  Fg*  with  an  adjacent 
proton,  In  the  fern  or  an  OH  Ion,  providing  the  charge 
compensation. 

A  third  Fe*‘  spectrum.that  ha?  been  widely  studied 
l?  the  so-called  l  center.1  There  l?  significant 
debate  over  whether rthe  |  center  l«  an  interstitial  or 
a  substitutional  Ea*  Ion.  In  either  ca?e,  the  charge 
compensation  mechanism  regain?  unidentified.  A  final, 
ESR  spectrum  of  importance  ha?  been  reported  by  Cox. 

It  l?  a??igned  to  Fe  ion?  and  i?  directly  related  to 
the  amethyst  color  itself. 

The  objective  of  the  present  work  l?  to  carry  out 
a  study  of  Fe-doped  quarts  using  the  combination  of 
dielectric  relaxation  and  E3R  technique?  on  the  name 
(cultured)  samples.  In  addUljjn,  the  technique  of 
electrcdiffuslon  (sweeping)  *  is  used  so  a?  to 
introduce,  a?  such  a?  possible,  only  a  single  alkali  or 
hydrogen  a?  the  principal  compensator  for  both  A1J  and 
F«}*  in  a  given  sample.  Because  of  these  two  features: 
the  simultaneous  use  of  two  different  techniques,  and 
the  control  over  the  monovalent  compensator,  it  is 
hoped  that  a  fuller  picture  of  Fa  defects  in  quarts 
would  emerge  from  the  present  work  than  had  hitherto 
been  obtained. 


Experimental  Kethods 

Two  samples  of  cultured  amethyst  obtained  from 
Sawyer  were  availble  for  study.  They  wore  both  grown 
with  rhombohedral  seeds.  The  second  of  those  was  a 
large  crystal  that  was  oriented  so  th^t  samples  could 
be  cut  parallel  to  the  o-axis.  Such  samples  were  then 
suitable  for  sweeping,  which  was  carried  out  by  J.J. 
Martin  at  Oklahoma  State  University.  The  samples  were 
generally  1.0  ecT  and  1-2  mm  thick,  with  the  thin 
dimension  parallel  to  the  c-axis.  In  addition  to 
sweeping,  samples  from  both  crystals  were  subjected  to 
Irradiation  and  anneal  treatments. 


Sample?  for  dielectric  studies  were  irradiated  at 
room  temperature  with  xuray?  from  a  tungsten  target 
source  operated  at  JO  mA  and  *0  kV.  Soft  x-rays  were 
filtered  out  by  a  layer  of  sputtered  sliver  electrode, 
and  a  glass  filter.  Other  samples  were  irradiated  at 
room  temperature  with  Y-rayi  »rem  a  Co  source  at 
Sreekhaven  Rational  Laboratory,  to  a  total  dose  of  2 
Mrads, 


For  dielectric  measurements,  the  samples  were 
transferred  to  a  Super  Varltemp  Cryostat  (Janls  Ccrp). 
and  cooled  down  to  liquid  helium  or  liquid  nitrogen 
temperatures.  An  automated  capacitance  bridge  (  Andeer. 
Assoc.)  wa#  use  to  carry  cut  the  dielectric  loss 
measurements.  The  measurements  cover  a  frequency  range 
of  lOHs  to  100  kHx  and  a  temperature  range  cf  3-272  K. 

F.lectron  spin  resonance  (R5R)  data  were  obtained 
from  a  Bruker  ErJOOD  spectrometer.  The  microwave 
frequency  was  9.3  GHx  and  the  modulation  frequency  was 
100  kHx.  All  the  E3R  spectre  described  In  this  paper 
were  taken  at  2?  K  using  an  Oxrord  instruments  liquid 
helium  flow  system.  Dimensions  of  the  ESR  sample?  were 
approximately  2x3x7  mmJ,  and  the  magnetic  field  was 
always  aligned  parallel  to  the  crystal's  c  axis  (!.«., 
the  smallest  dimension).  The  KR  sample?  were  also 
Irradiated  at  room  temperature  with  2-MeV  electrons 
from  a  Van  de  Craaff  accelerator. 

Rasul ts  and  Discussion 


Dielectric  Relaxation  (DR) 


Swept  samples  were  either  Ma-  or  LI-  swept,  or 
swept  In  air  to  eliminate  alkalis  and  substitute  K 
(designated  H-swept).  The  most  Interesting  result? 
were  obtained  for  the  Na-?wept  samples.  Figure  2  show? 
the  dielectric  loss  plot  for  a  Ra-swept  sample  In  the 
temperature  range  from  3  to  DO  K,  while  Fig.  3  shows 
the  results  for  all  three  sweeping?  In  the  higher 
temperature  range  80  to  220  K.  First  It  should  be 
noted  that  the  Ha-?wept  sample  shows  the  well-known 
peaks  at  30  K  and  75  K  due  to  the  Al-Ra  center.  (A11 
peak  temperatures  are  quoted  for  a  frequency  of  1  kHx.) 
From  the  height  of  the  30, K  peak  and  the  previous 
calibration  of  this  peak,*  it  Is  concluded  that  the 
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Fig.  3.  Comparison  of  dielectric  loss  for  Na-,  Li-  and 
H-swept  amethyst  in  the  intermediate 
temperature  range.  For  clarity,  the  two  upper 
curves  have  been  displace  upwards. 
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Table  1.  Height*  of  Fe-related  Dielectric  Less 

Peek#  In  Amethyst  Sample*  Given  Different 


Treatments 

(Peak  heights  in  units 

4  max 

ef  10  3) 

Sample  and 

Treatment 

ZOK 

99X 

118X 

195X 

As  rec'd  (Ann.) 

— 

15 

- 

10 

As  rec’d  (t-lrr.) 

- 

9 

m 

63 

H* swept 

- 

16 

- 

10 

H*swept  (X-Irr.) 

- 

13 

- 

25 

U-swept-A 

- 

20 

- 

8 

LI- swept- 1 

- 

17 

- 

3 

Ha-swept-A 

58 

11 

fc 

- 

Ma-swept-D 

90 

ID 

6 

- 

Ha-swept-8  (T-Xrr.) 

<1 

b 

1 

- 

concentration  ef  Al-Ma  tenure  is  130  ppm,  «  rather 
Serge  A1  concentration.  Second,  It  should  be  noted  that 
there  are  two  unique  new  peaks  In  the  Ma-?wepi 
amethyst,  three  at  20  K  and  133  K,  respectively. 

Third,  there  It*  a  peak  at  99  K  that  occurs  for  all 
three  swept  sample*.  This  peak  Is  ubiquitous  fer 
Fe-dcped  samples,  and  has  been  observed  as  well  In 
eltrlne  samples.  Finally,  there  Is  a  peak  at  195  X 
only  for  the  U-swept  and  H-swept  samples.  A  summary 
of  all  of  these  results  Is  presented  In  Table  1  which 
gives  the  heights  or  all  of  these  peaks.  At  the  same 
time,  Table  2  gives  the  activation  energy,  E,  and 
pre* exponent 1 al ,  v  ,  for  each  peak,  as  obtained  from 
the  shift  of  the  peak  with  changing  frequency,  w. 


Table  2. 

Activation  Energies  and  Pre-exponentials 
of  Fe-related  Teaks 

T  (X) 

E 

for  1  kHz 

teVl 

20 

0.030 

1.5  x  10U 
b  x  10  f 

5  x  10  1 

2  X  10  3 

99 

0.1? 

138 

0.22 

195 

0.3? 

Sj  Center 


_ i_J*J 

1  1  (b) 

1 

1  r 

All  of  these  peaks  are  very  close  to  Debye  peaks, 
and  therefore  must  be  produced  by  simple  point  defects. 
Seme  additional  peaks  have  been  observed  at  still 
higher  temperatures,  but  since  these  are  very  large  and 
not  always  reproducible.  It  Is  concluded  that  they  may 
arise  from  second-phase  particles  and  Interfaces. 

The  only  additional  peak  produced  by  Irradiation 
In  all  or  these  samples  Is  the  low  temperature  peak 
near  10  K.  This  Is  the  peak  that  has  been  studied  In 
detail  and  Is  now  «stabll*hed5to,be  due  to  the 
aluminum-hole  (Al-h)  center. Thus,  there  Is  no  new 
Irradiation  peak  due  to  Iron.  The  absence  of  an  analog 
to  the  AJ-h  center  for  F*  can  be  examined  by  realizing 
that  Fa15  can  change  valence  (to  Fe  )  when  It  captures 
a  hole,  rather  than  forming  a  dipole  by  having  the  hole 
on  an  adjacent  oxygen  Ion,  as  In  the  case  or  Al3’. 
Irradiation  does,  however,  change  the  heights  of  the 
other  Fe-related  peaks,  as  shown  In  Table  1. 
Interestingly  enough,  the  20,  99  and  138  K  peaks  all 
are  decreased  by  Irradiation,  but  the  195  X  peak  Is 
strongly  Increased. 

To  summarize  the  dielectric  results,  note  that  we 
have  observed  four  relaxation  peaks  specifically 
related  to  the  presence  of  Fe.  Two  of  these:  at  20  and 
138  X.  are  also  related  to  the  presence  of  Na.  It  is 
tempting  to  regard  these  peaks  as  due  to  Fe-Na  pairs, 
l.e.  the  analogs  of  the  30  and  75  X  peaks  due  to  the 
Al-Na  center.  The  ubiquitous  99  K  peak  Is  difficult  to 
Identify  at  this  stage.  Finally,  the  195  X  peak,  which 
Is  absent  for  Mi-swept  samples  and  Increases  upon 
Irradiation,  may^be  considered  as  possibly  due  to  Fe 
compensated  by  H  ,  since  hydrogen  Is  present  both  In 
unswept  and  H-swept  samples.'  Further,  as  In  the  case 
of  Al-related  centers  In  quartz,10  room- temperature 
Irradiation  should  liberate  the  alkali  from 
substitutional  Fe3  and  allow  a  proton  to  be  trapped  In 
its  place. 


■jL _ a _ I _ _ _ I _ 

1000  3000  5000  gauss 


Fig.  b,  ESR  spectra  taken  at  27  X  with  the  magnetic 
field  parallel  to  the  o  axis.  Trace  (a)  Is 
from  the  lithlua-swept  sample,  trace  (b)  is 
from  the  hydrogen-swept  sample,  and  trace  (c) 
Is  from  the  sodium-swept  sample. 


Electron  Spin  Resonance  (ESR) 

An  ESR  sample  was  cut  from  the  center  of  each  of 
the  three  samples  that  had  been  L1-,  Na-*  and  Hasuept 
and  first  studied  by  DR  measurements.  Then,  an  ESR 
spectrum  was  taken  at  27  K  for  each  sample.  Fig.  b  (a) 
shows  the  result  obtained  from  the  lithium- swept 
sample.  The  only  spectrum  present  is  the  S?  center. 
This  correlates  with  an  assignment  of  the  sj  center  to+ 
a  substitutional  Fe3  with  an  adjacent  Interstitial  LI 
Ion.  Other  cultured  amethyst  samples  which  had  not  been 
swept  but  had  been  heated  to  the  b00-500 *C  range 
exhibited  a  dominant  S,  ESR  spectrum  Just  like  the 
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lithium-swept  s*mo\«.  this  strongly  suggssts  that  tbs 
substitutional  r«'  lens  In  the  y»iMl  cultured  amethyst 
ace  nsarly  all  compensated  by  LI  Iona. 

Fig.  *  (b)  show*  the  result  obtained  from  the 
hydrogen-swept  sample.  Tnia  spectrum  contains  a  mall 
S.  center  and  also  an  5,  center.  Since  the,$3  center 
corresponds  to  a  prctonN'cmpensatlng  tb«  re4  7  we  would 
suggest  that  this  sample  was  only  partially  swept 
(!.«.,  many,  but  not  all,  of  the  Interstitial  lithium 
tons  adjacent  to  the  Fe3  have  been  replaced  with 
protons). 

rig.  *  (c)  shows  the  result  obtained  from  the 
sodium-swept  sample.  This  spectrum  contains  a  vary 
mall  S.  center  and  a  much  larger  spectrum  which  we 
have  labeled  the  5,  center.  T i  cur  knowledge,  the  S, 
center  has  net  been  previously  reported  In  the  1 
literature.  We  aajlgn  the  S,  center  to  a 
substitutional  re3  Sen  witlran  adjacent  Interstitial 
Na  ten.  Thus,  we  suggest  that  this  sample  was 
reasonably  well-swept  with  the  major  fraction  ef  the 
Interstitial  LI  lens  being  replaced  by  Ma  lens. 

(This  Is  supported  by  the  appearance  ef  the  large  Al-Na 
extra  DR  peak  at  30  K  in  the  Na-swept  sample.)  An 
important  feature  ef  the  S,  center  Is  a  rapid 
spin-lattlce-relaxatlcn  tide  which  broadens  Us  ESR 
spectrum  at  higher  temperatures.  We  could  net  observe 
the  5.  center  above  approximately  30  K  because  of  this 
line  broadening,  whereas  the  5.  and  S,  centers  can  be 
observed  even  at  room  temperature.  Thts  rapid 
spln-laitlce-relaxatlon  time  Is  consistent  with  the 
small  activation  energy  for  the  20  K  dielectric  loss 
peak  In  Na-swept  samples  (set  Table  2). 

A  striking  change  Is  observed  in  the  ESA  spectra 
when  a  sample  is  exposed  to  Ionizing  radiation  at  room 
temperature.  The  radiation  (several  Mrads)  destroys 

5,  or  S.  centers  that  are  Initially  present  and 
replaces  them  with  S.  centers.  This  Is  illustrated  In 
fig.  5  for  the  lithium-swept  sample.  This  Is  consistent 
with  the  concept,  already  mentioned,  that 
rooertemperatucf  irradiation  should  remove  the  alkali 
ion  from  an  F*3  ,  thus  allowing  a  proton  to  replace  It. 
In  addition,  Alfch  centers  also  appear  after 
Irradiation. 

Two  of  the  centers  reported  earlier,  viz.  the., 
so-called  I  center  and  the  center  observed  by  Cox, 
have  not  been  observed  in  the  present  work.  A  likely 
explanation  Is  that  most  previous  work  on  ESR  of 
Ffcentalning  quartz  was  carried  out  on  natural 
crystals,  which  arc  probably  more  complex  than  the 
present  (cultured)  crystals. 

Interrelation  of  DR  and  ESB  Results 


The  two  techniques  used  in  this  work  measure  very 
different  derect  properties.  To  obtain  a  dielectric 
relaxation  (DR)  response  requires  that  the  derect 
possess  a  net  dipole  moment  and  be  capable  of  occupying 
more  than  one  equivalent  orientation.  For  electron 
spin  resonance  (ESR)  the  defect  must  possess  an 
unpaired  spin,  so  that  the  spin  states  can  be  split  by 
a  magnetic  field.  The  ESR  technique  Is  particularly 
sensitive  to  Ions  with  a  3d5  electronic  structure 
(half-filled  3d  shell),  such  as  Fe3  . 

The  newly  observed  20  K  and  138  K  peaks  and  the 
newly  observed  S,  center  are  readily  linked  together, 
as  being  caused  By  the  Fe^Na  center  with  the 
interstitial  Na  Ion  offJaxls,  similarly  to  the  case  or 
the  Al<-Na  center  shown  In  Fig.  1.  This  reason  that 
this  center  is  observed  for  the  firjt  time  in  the 
present  work  is  probably  because  LI  is  the  dominant 


Sj  Center 
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Fig.  5.  Effect  of  room-*tc«p4r3ture  radiation  on  the 
lithium-swept 

sample.  Trace  (a)  Is  before  irradiation 
and  trace  (b)  is  after  Irradiation. 


alkali  in  both  natural  and  cultured  crystals,  so  that 
only  after  Na-sweeping  can  Na  centers  be  readily 
observed.  Previous  workers  did  not  examine  Na-swept 
Fe-doped  quartz. 

The  5.  center  does  not  seem  to  have  a  DR 
equivalent.  The  only  possibility  Is  the  99  K  peak,  but 
detailed  analysis  of  the  spin  Hamiltonian  for  the  S. 
spectrum  shows  that  one  principal  axis  Is  parallel  to 
the  2-fold  symmetry  axis  (or  x-axls).  7  Since  the  S) 
center  Is  an  Fe-Ll  pair,  this  suggests  that  the  LI 
Interstitial  resides  on  the  2kfold  axis.  ft(t,  If  this 
Is  the  case,  there  Is  no  possibility  for  the 
low-teaperature  reorientation  required  for  DR  to  take 

place.  The  situation  for  the  Fe-'alkali  pairs  then 
seems  to  be  quite  analogous  to  that  for  Al-alkall 
pairs,  viz.,  the  Fe-Ll  lies  along  the  2-fold  axis  while 
Fe-Na  is  off  axis  (as  in  Fig.  1),  and  therefore,  only 
Fe*-Na  gives  rise  to  DR.  Then  to  what  defect  can  the 
ubiquitous  99  K  peak  be  attributed?  Since  it 
represents  a  substantial  concentration  of  Fe  and  yet  is 
not  detected  by  ESR,  it  seems  reasonable  to  conclude 
that  it  is  due  to  a  dipolar  defect  involving  Fe  In  a 
valence  other  than  3*.  Further  work  will  be  required 
to  establish  the  nature  of  this  center. 
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The  remaining  4ef*c is  19  ig  dlscsaa&i  are  those 
that  produce  ite  3,  spectra*  In  £3i  and  ?,J»  If5  K  peak 
In  DR.  It  is  5**£*lfi£  ts>  regard  that  tbSK  sr«  both 
the  sane,  namely  ran  term  defect.  The  ^ss^istlcn  of 
the  3*  spectrum  viift  5St£  defect  has  already  been 
established.  In  t»4  -*»?§  rf  the  198  K  pSik,  the  fact 
that  it  i*  present  *5*55^1  infadlitlon  (except  f«r  the 
Ha-swept  sample)  and  yst  increases  upen  irrigation  19 
strongly  suggestive  of  s  emon*  relates  Sdfect. 

However,  the  relative  intensities  @f  the  5,  spectrum 
for  Ha-,  Li-  and  H-swepv  material  bath  before  ana  after 
Irradiation  does  not  correlate  «*il  «lt«  the  strengths 
of  the  155  K  peak,  for  example.  the  Ss  ss*  *  strong 
Intensity  following  Irradiation  of  a  M§-sw*ps  sample, 
while  the  195  K  peak  la  absent  for  5hia  condiusn  (s*e 
the  laat  entry  In  Table  1  ).  Accordingly,  wg  cannot 
claim  that  the  simple  Fe-OH  defeat  I?  responsible  for 
the  195  K  peak. 

In  conclusion,  the  simultaneous  uae  of  two  major 
techniques  for  the  atudy  of  fe-related  defects  In 
quartx  haa  better  enabled  us  to  sort  out  the  wide 
complexity  of  defects  In  fuch  crystals,  but  further 
work  remains  to  be  done  to  answer  some  of  the  questions 
raise*. 
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Summary 


Single  crystal  quarts  has  arrayed  in 
white  beam  synchrotron  radiation  yielding 
many  topographs  from  each  e»posur«.  Enlarged 
sections  of  the  topographs  have  been 
digitised  and  used  for  analysis.  Samples 
included  were  quart:  blanks*  finished  quart: 
resonators  and  lumbered  barf..  The  topographs 
have  been  used  to  study  defect  density* 
defect  strain  field  site*  defect  type, 
defect  morphology.  finished  resonator 
mounting  strain.  finished  resonator 
electrode  strain,  and  resonator  mode  shape. 
Stereo  viewing  of  the  d*f?cts  uuing  two 
different  but  appropriately  chosen 
topographs  Is  possible.  Befect  depth  and 
angle  can  be  viewed. 

The  images  have  been  digitised  into  A',0  * 
'.00  pixels.  Each  pixel  hap  |&  intensity 
levels.  host  images  are  displayed  in  grey 
levels.  Contouring  has  been  done  by 
Changing  every  third  grey  level  to  a  color. 
The  strain  field  sis»  around  me 
dislocations  in  the  topographs  hi*  Been 
measured  by  counting  pixels  in  the  dlgitl:ed 
topographs.  Dislocation  densities  have 
been  measured  ny  counting  the  number  of 
dislocations  in  several  one  square 
millimeter  areas  on  the  seme  blank  and  doing 
counting  statistics.  Defect  densities  have 
Been  measured  by  counting  pixels  in  the 
«?igiti:ed  tppographs.  Measurements  taken 
from  digitized  topographs  are  correlated 
tr«  the  measured  defect  density  of  the  same 
Samples  after  etching.  Measured  defect 
densities  vary  from  3  per  square  cm  to 
greater  than  iSOO  par  square  cm.  Defect 
strain  field  sue  has  be#n  measured  by 
counting  pixels  lr»  the  digitized  images. 
Tho  e>«asure*ent  reselwllun  la  dependent  upon 
th?  magnification  prior  to  digitisation.  The 
resolution  after  digitization  in  this  work 
varies  from  0.&  microns  to  23  microns. 

Defects  in  crystals  can  bo  classified 
toy  group.  Possible  defect  groups  in  quart: 
are-  point,  line,  plane,  and  volume  <1>.  Each 
group  has  many  possible  types  of  defects.  In 
quart:  point  defects  are  often  Aluminum 
related,  AL-OH,  Al-hole  are  two  examples. 
Possible  line  defects  known  to  exist  in 
quart:  are  edge  and  screw  dislocations. 
Cltnor  types  may  exist  which  are  combinations 
Of  these.  Planar  defect  exist  in  natural 
quart:  and  may  be  point  defects  arranged  in 
planes.  Known  volume  defects  in  quart: 
include  inclusions  and  voids.  Anti-phase 
domains  are  also  known  in  quart:  (twinned 
regions).  The  appearance  Of  defect  type  can 
not  be  explicitly  determined  by  x-ray 
topography,  but  X-ray  topography  can  be 
used  with  other  techniques  to  identify  the 
defect  type.  In  the  cultured  samples  the 
defect  morphology  varied  considerably.  The 


morphological  differences  appeared  to  vary 
as  a  function  of  the  quart:  grower.  Possible 
reasons  for  the  differences  may  be  growth 
rate,  position  of  the  blanks  relative  to 
the  seed  and  X-growth  sections  of  the  bars, 
nutrient  solution  variations,  pressure,  and 
temperature.  The  morphological  differences 
reported  here  have  been  observed  in  blanks 
cut  from  premium  0  pure  2  growth  oars  of  the 
same  ai:e.  This  should  minlmi:e  the 
morphological  differences  due  to 
variations  in  the  distance  between  the  seed 
ana  the  blank. 


introduction 

Quart:  resonator  parameters  and  defects 
In  the  crystal  have  been  correlated  with 
respect  to  0.  Warren  P.  Mason  in  (2)  showed 
that  losses  in  crystals  are  pertufbated  from 
their  nominal  values  by  defects.  Perfect 
crystals  only  have  losses  due  to  phonon- 
phonon  interactions.  Crystals  with  defects 
pertvrbate  the  thermal  relaxation  time  and 
phonon-pnorion  losses,  changing  the  resonator 
0.  Recent  wars  by  J.  J.  Martin  (3)  and  D. 
ft.  fceehlyrl'tl  have  centered  arouna  defects 
associated  with  Impurities.  Sweeping 
(electrodiffusion)  has  been  shown  to  reduce 
the  level  of  so=>e  impurities,  impurities  are 
nucleation  sites  for  defects.  Other  device 
characteristics  may  also  be  correlated  with 
defects.  Defects  are  regions  within  the 
quart:  crystal  where  the  lattice  parameters 


have  been  perturbated.  The  change  in  lattice 
parameters  results  in  changes  in  the 
material  properties.  These  may  include  all 
or  some  of  the  physical  constants.  In 
addition  to  changes  in  physical  properties 
there  is  the  possibility  that  material 
properties  in  an  oscillating  crystal  are 
fluctuating  around  mean  values.  The 


fluctuations  may  result  in  Increased  noise 
in  the  oscillating  signal. 

X-ray  topography  has  been  used  to  study 
quart:  resonator  characteristics.  R.  A. 
Young  and  colleagues  (3)  used  X-ray 
topography  to  show  a  correlation  between 
surface  defects  induced  by  a  manufacturing 
process  and  aging.  Conventional  topography 
techniques  use  X-ray  tubes.  These 
techniques  produce  good  topographs  but  are 
time  consuming  techniques  with  limited 
resolution. 

When  manufacturing  quartz  resonators  many 
fabrication  processes  cause  variations  in 
the  finished  resonator  which  are  unrelated 
to  material  properties.  These  variations 
are  well  known  to  manufacturers  of  quart: 
devices.  If  variations  in  resonator 
parameters  due  to  manufacturing  processes 
and  those  due  to  material  properties  are  to 
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be  separated  then  toe  variations  in  defect 
Character  istics  must  55*  measured 
statistically  and  a  correlation  study  done 
with  finished  resonator  parameters.  The 
characterization  of  defects  In  quartz  Is  a 
welJ  established  process  when  dealing  with 
small  samples.  Once  a  history  of  a  defect’s 
Morphological  characteristics  are  known 
topographs  may  be  used  to  identify  specific 
defects  with  relative  certainty.  One 
technique  which  is  capable  of  uniquely 
identifying  a  defect  is  transmission 
electron  microscopy  (TEMJ.  The  specific 
technique  is  to  correlate  a  computer 
simulated  TEH  image  based  upon  tne  defect 
model  with  a  through  focus  series  of  an 
actual  defect,  unen  the  through  focus  series 
<a  sequence  of  images  at  different  foci) 
matches  the  computer  model  of  the  defect 
then  tne  TEH  image  can  be  uniquely 
Identified.  Defects  appearing  in  x-ray 
topographs  with  a  TEH  image  of  the  same 
region  as  tne  defect  in  the  topograph  is  the 
basis  for  correlation.  The  compilation  of 
defect  ^srphglogies  on  a  large  sample  base 
of  finished  resonators,  is  the  first  step  in 
this  process.  This  work  presents  several 
alternative  methods  to  collect  and  analyse 
such  a  database. 

EXPERIMENTAL  HETHODS 

X-ray  port  I9C  at  The  National 
Synchrotron  Light  Source  (NSLS)  in 
Brookhaven  National  Labs  has  been  used  to 
take  these  topogr*ph*i6i7) .  The  measured  X- 
ray  flux  at  the  port  is  0.16  11  10  *  12 

(photons/sec/mrad/. IX  band/ 100  ma)  .  The 
beam  size  used  was  «■>;*  mm  wide  by  7  mm  high. 
The  beam  divergence  is  0.3  mllliradians  (8.6 
arc-minutes» .  The  radiation  hutch  is  20  m 
from  the  tangent  point  of  the  storage  ring. 

Specimen  ana  film  orientation  relative 
to  tne  beam  havu  been  varied  to  evaluate  the 
usefulness  of  each  method  in  characterising 
resonators.  Three  orientation  combinations 
were  tried.  Figures  one  through  three  are 
diagrams  of  each  orientation.  Photos  one 
through  three  are  sample  topographs  from 
each  orientation.  Kodak  type  33  film  has 
been  used  in  Q  inch  by  It  inch  sheets. 
Exposure  times  varied  as  a  function  of 
thickness  and  beam  current.  All  film 

processing  was  done  on  site. 

SAMPLE  AND  FlLH  PERPENDICULAR  TO  BEAM 

The  simplest  geometry  to  use  when  taking 
topographs  with  the  synchrotron  is  to  nave 
the  sample  and  film  perpendicular  to  the  X- 
ray  beam.  This  typo  of  exposure  is  not  only 
easy  to  sot  up  but  the  defect  density  can  bo 
directly  measured  from  the  film.  The 
topographs  have  been  used  for  lattice  plane 
indexing  and  defect  density  measurements. 
Figure  one  is  a  drawing  of  this 
configuration.  In  this  sample  orientation  a 
beam  stop  is  necessary  to  stop  the  direct 
beam  from  exposing  the  film.  Photo  one  is  a 
sample  topograph  exposed  with  this  type  of 
geometry.  The  sample  was  a  10  MHz  3rd 
overtone  SC  cut  resonator.  The  quart: 

resonator  plates  (blanks)  are  .600  inches  in 
diameter.  Defect  strain  field  size  and 
defect  density  have  been  measured  directly 
from  this  type  of  topograph. 


The  exposed  portion  of  the  quart:  plate 
has  been  sot  up  te  be  the  active  region  of 
the  finished  resonator,  Tne  disadvantage  of 
this,  sample  orientation  is  that  u«*  whole 
blank  is  not  exosaeo  to  x-ray  unless  the 
film  ants  sample  are  moved  together  in  the 
beam.  Defect  density  measurements  are  not 
restricted  by  this  disadvantage.  Pneto  one 
is  an  example  topograph  from  this  geometry. 
The  light  central  rectangle  is  the  une»posed 
portion  of  the  film  under  the  beam  stop.  The 
small  dark  rectangles  are  the  topographs. 
Their  position  is  a  function  of  the  lattice 
plane  spacing  and  orientation.  The  central 
darkening  of  tne  topograph  is  due  to 


film  perpendicular  to  tho  X-ray 
beam 


Photo  Ones  Example  topograph  taken  tith 

sample  and  film  perpendicular  to 
the  beam 
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8AKPLS  TJUTS9  IN  8£f*B  WITH  FILM 
PSRPENBieULAR  TO  BEAM 

Ths  tilt  n*s  been  mechanically  set  to 
22  degrees.  Topograph  images  vary  from  edge 
image*  to  complete  image*  ef  $h@  slate  from 
pSan*«  nearly  parallel  ta  the  plates 
serfage,  Tins  makes  it  seis*«hst  wore 
difficult  to  Index  but  result*  s«  tssagraphs 
«it«  additional  information  fros  lattice 
planes  not  recorded  in  the  spg@§raBh  with 
the  sample  perpendicular  ta  tn§  seam,  This 
orientation  also  results  sn  both  transmitted 
and  reflssted  iepogrspns  recorded  on  the 
«am*  piece  Of  film*  both  formed  by  Dragg 
diffraction.  in  figure  two  the  Lauo  Images 
formed  on  the  top  half  of  the  film  are 
transmission  images  through  the  thickness  of 
the  plate  while  the  bottom  images  are  formed 
from  X-rays  diffracted  from  the  plate 
through  the  surface  pointing  towards  the 
beam. 

The  images  formed  with  this  geometry 
have  been  useful  for  character  I  sing  the 
strain  induced  by  mounting  of  precision 
resonators.  The  strains  may  be  related  to 
aging  problems  in  precision  resonators.  Mode 
shapes  of  oscillating  resonators  have  also 
been  recorded.  Unsealed  plated  resonators 
have  been  x-rayed  to  characterise  the  mode 
shapes  using  this  orientation  as  well.  Photo 
two  is  an  example  topograph  from  this 
geometry.  Tnc  light  central  circle  is  the 
portion  of  the  topograph  under  the  beam 
stop.  Tnc  dark  ovals  with  varying 
dimensions  are  the  topographs.  Some  planar 
defects  can  be  seen  crossing  the  topograph 
images.  The  variation  in  intensity  of  the 
spots  is  mui.tly  due  to  the  structure 
factor.  The  position  of  the  topograph 
image  is  dependent  upon  the  lattice  plane 
orientation  and  'd*  spacing. 


Figure  Two:  Geometry  used  in  taking 

topographs  with  the  sample 
tilted  in  beam  and  film 
perpendicular  to  the  beam 


Photo  Twot  Example  topograph  taken  with 
sample  tilted  in  beam  and  film 
perpendicular  to  beam 


SAMPLE  TILTED  IN  BEAM  WITH 
FILM  PARALLEL  TO  BEAM 


This  orientation  results  In  many 
complete  images  of  the  quart:  plate  from 
lattice  planes  nearly  parallel  to  the 
surface.  These  images  form  good  stereo 
pairs.  Photo  three  is  an  example  topograph 
from  this  geometry.  The  small  centra)  spot 
is  an  artifact  due  to  the  digitisation 
process  not  from  a  beam  stop.  The  dark 
circles  are  the  topographs.  The  darkening 
of  one  side  of  the  topograph  is  due  to 


Figure  Three:  Geometry  used  in  taking 

topographs  with  the  samole 
tilted  in  the  beam  and  the 
film  parallel  to  the  beam 
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Photo  Threes  Example  topograph  with  the 

film  parallel  to  the  beam  and 
the  (ample  tilted  in  the  beam 


RESULTS  AND  DISCUSSIONS 


DEFECT  DENSITY 

Defect  density  la  measured  by  sectioning 
off  a  square  millimeter  of  the  topograph  and 
counting  the  number  of  defects  In  that  area. 
After  a  minimum  of  ten  regions  have  been 
measured  the  mean  and  standard  deviation  e? 
the  defect  density  are  calculated.  Photo 
four  is  a  sample  which  has  been  analyzed  by 
this  method. 


DISLOCATION  TYPE  AND  OURSERG  VECTOR 

A  dislocation  as  defined  by  M,  w.  Ashcroft 
and  N.  D.  Merrnm  «3»  must  have  the  following 
properties  in  the  region  of  the  dislocation. 

t.  Away  from  the  region  the  crystal  is 
locally  only  negligibly  different  from  the 
perfect  crystal. 

2.  In  the  neighborhood  of  the  region  the 
Atomic  positions  are  substantial Iv  different 
from  the  original  crystalline  sites. 

3.  There  exists  a  non-vanisning  Durgeri 
vector . 


Edge  dislocations  and  screw  dislocations 
are  two  of  several  defect  types  Known  to 
exist  in  auartz.  Screw  dislocations  nave  a 
larger  strain  field  than  edge  dislocations 
anu  are  Known  to  bo  nucleations  sites  for 
new  material  growth  in  crystalst?! . 

DEFECT  MORPHOLOGY  IN  NATURAL 
AND  CULTURED  CUART2 

All  samples  used  in  the  morphological 
comparison  were  cut  from  bars  of  the  same 
size  except  vendor  A  which  has  an  unknown 
bar  size.  The  blanKs  were  ononted  as  SC 
Cut  resonators  with  a  £1  degree  36  minute  X 
angle  and  3><  degree  00  minute  2  angle.  The 
units  were  10  MHz  3rd  overtone  units. 
Defect  morphology  appears  to  vary  by  source. 
Natural  quarts  has  a  greater  variation  in 
defect  morphology  than  cultured  quartz. 
The  direction  of  the  dislocations  in  the 
quart:  plates  varies  but  groups  tend  to  be 
parallel.  Some  Cultured  samples  had  defect 
densities  less  then  ten  per  square 
centimeter. 

DEFECT  STRAIN  FIELD  SIZE 

The  size  of  the  strain  field  around 
the  defect  can  be  measured  m  digitized 

images.  The  strain  field  around  the  defect 
Is  a  region  where  the  lattice  constant  is 
perturbated  from  Its  nominal  value.  The 
perturbation  is  a  change  in  the  lattice 

spacing  and  thus  the  Gragg  angle.  The 
strain  field  is  then  part  of  the  defect 
appearing  as  a  change  in  contrast  in  the 
topograph.  The  measured  defect  density  In 
photo  four  was  113  microns  In  diameter  with 
a  standard  deviation  of  <*3  svicrons. 


Four  sources  of  quartz  were  evaluated 
for  defoct  density.  The  following  table 
summarizes  the  results. 

Source  Number  of  Dislocation  Planar 

samples  density  defects 

per  cm^S  per  eni^G 


Photo  6:  Enlarged  topograph  of  precision 
quartz  resonator  manufactured 
from  vendor  C  quartz  bar. 

Mean  Defect  Density  650  /  cm',2 
Standard  deviation  160  /  cm~2 


Natural 

10 

0  to  1000 

0  to  30 

Vendor  A 

1 

1500 

0 

Vendor  C 

6 

50  to  650 

0 

Vendor  D 

GO 

3  to  iOOO 

0 
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DISLOCATIONS  AND  ETCHING 

An  etch  pH  is 'well  Known  to  form  at 
tn*  end  of  *  dislocation  lino.  Samples  that 
were  *-rayed  were  subsequently  etched.  Et«h 
channels  appeared  in  the  same  place  as  the 
dislocation  line  seen  in  the  topographs. 

natural  quarts  defect  morphology 

Natural  quart:  had  a  greater  variety  of 
defects  then  the  cultured  samples.  Photos 
3»6.7*and  0  are  dll  topographs  of  natural 
quart:  taken  with  the  sample  and  film 
perpendicular  to  the  beam. 

Photo  3  is  a  typical  natural  quart: 
specimen  with  planar*  linear  and  email 
spherical  defects.  Photo  6  shows  a  planar 
defects  coming  to  a  corner.  In  this  case 
they  come  to  a  corner  where  two  *m’  faces  on 
the  natural  stone  came  to  a  corner.  Photo  7 
shows  several  planar  defects  coming  together 
with  large  variations  in  contrast  along  the 
planar  defects.  Photo  0  is  less  common 


and  shows  a  large  strained  region  emanating 
fro*  a  circular  region  where  there  is  a 
volume  defect. 


Photo  3  -  Natural  Ouart: 

Planar ,  linear  and  small  spherical  defects 


Pnoto  7  «  Natural  Ouart: 

Planar  defects  with  varying  contrast 
with  the  planar  defect 


Photo  0  -  Natural  Ouart: 
Volume  defect  with  strain  field 


DEFECT  MORPilO  OGY  OF  CULTURED  0UART2 
F'lOH  VENDOR  A 

This  is  the  only  sample  X- 
rayed  from  vendor  A.  The  dislocation 
density  in  the  topograph  was  measured  at 
1300  /  cm“a.  The  dislocations  are  nearly 
all  parallel. 


Photo  B  -  Vendor  A 
High  dislocation  density  quart: 


Photo  6  -  Natural  Ouart: 
Planar  defects  coming  to  the  corner 
of  two  'm*  faces 


232 


DEFECT  HORPHOLOGY  OF  CULTURED  QUARTZ 
FROM  VENDOR  C 


mounting  strain,  electrode  strain, 

AND  ARTIFICIALLY  INDUCED  STRAIN 


Vendor  C  had  a  small  variation  in 
defect  morphology.  Photo*  9  and  10  arc  two 
typical  cample*. 


Photo  V  -  Vendor  C 

Typ’lcal  defect  morphology  from  vendor  C 


Photo  10  -  Vendor  C 

Typical  defect  morphology  from  vendor  C 

DEFECT  MORPHOLOGY  OF  CULTURED  QUARTZ 
FROM  VENDOR  D 

Vendor  d  quarts  was  one  of  the  more 
interesting.  The  defects  were  arranged  at 
the  edge*  of  cell*.  Photo  11  1*  a  typical 
topograph  from  thl*  vendor. 


Strain  is  cattily  observed  in  topographs 
of  crystals  because  ik  port;rbates  the 
lattice  spacing  within  the  strained  region. 
Photos  12,13  and  I A  show  throe  separate 
type*  of  strain.  Photo  12  is  a  topograph  of 
a  four  point  mounted  10  MHs  3rd  overtone  SC 
cut  precision  resonator.  The  mounting 
strains  can  be  soon  easily.  Photo  13  shows 
the  strain  induced  by  an  evaporated  chromium 
gold  electrode.  The  electrode  had  23 
angstroms  of  chromium  under  600  angstroms  of 
gold.  Pnoto  !*•  shows  strain  induced  in  the 
surface  of  the  blank  from  blank 
manufactur mg  processes.  Tno  strained 
regions  m  photo  l'<  are  not  visible  on  the 
blanks  surface  under  a  30  power 
magni f Icatlon. 


Photo  12  -  Mounting  strain  on  a  four 

point  mount  10  MHj  3rd  overtone 
SC  cut 


Photo  13  -  Strain  Induced  by  evaporated 

chromium  gold  electrode 


Photo  11  -  Vendor  D 

Typical  defect  morphology  from  vendor  D 
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Photo  1*  -  Strain  Induced  by  manufacturing 
processes 


LARGE  OAR  TOPOGRAPHS 

Bars  as  thick  as  .S3A  inchos  have  boon 
x-rayed  successful ly.  This  topograph  is 
rather  jumbled  with  information.  Thinner 
sampler  are  easier  to  interpret. 


Photo  10  "  Topograph  of  thick  bar  1.030 
inches  thick) 


STEREO  VIEWING 

Two  images  from  the  same  topograph 
farming  a  stereo  pair.  These  topographs 
were  taken  with  the  film  parallel  to  the 
beam  and  the  sample  tilted  in  the  beam. 
This  image  if  from  the  multiple  image 
topograph  in  photo  3. 


Photo  17-  Stereo  Pair 


MODE  SHAPES 

This  topograph  is  of  an  oscillating  10 
MHi  3rd  overtone  SC  cut  resonator.  fhe 
central  region  is  lighter  where  the 
resonator  is  oscillating. 


TOPOGRAPHS  BEFORE  AND  AFTER  SWEEPING 

Several  samples  were  X-rayed*  swept* 
and  then  X-rayed  again.  Photos  13  and  16 
are  the  before  and  after  topographs  from  one 
of  these.  Very  little  change  Is  evident. 


Photo  19-  Oscillating  Crystal 


Photo  15  -  Before  sweeping 


234 


* 


Photo  16  -  After  Sweeping 
CONCLUSIONS 

l.  X-ray  topography  it  a  useful  technique 
for  studying  defects  in  precision  quarts 
resonators 

0.  Etch  channels  can  be  correlated 
with  the  straight  dislocations  in  the 
topographs 

3.  Sweeping  does  not  appear  to  change 
the  dislocation  density 

*«•  Mounting  stresses*  electrode  stresses 
and  artificially  induced  stresses  can 
be  detected  in  resonators 

5.  The  defect  morphology  from  each 
source  was  different 


7.  Nicholas  P.  Gmur  and  Susan  M.  Whlte- 
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and  X-Ray  Oeam  Lines*"  The  National 
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Suagary 

Stroboscopic  X-ray  topography  have  been  carried 
out  to  observe  the  states  of  acoustic  vibrations  in 
quarts  resonators.  These  experiments  have  been  done 
using  the  storage  ring  of  D.C.l.  (Orsay,  France)  as 
a  pulsed  light  source.  The  studied  AT  resonators 
have  shown  that  the  vibration  mode  is  directly  related 
to  the  density  and  the  distribution  of  the  defects. 


Introduction 

The  first  stroboscopic  topography  experinents  have 
been  performed  on  Fe(Si)  crystals  by  means  of  a  mecha¬ 
nically  chopped  beam  with  the  time  resolution  of 
about  one  millisecond  (1).  Time  resolved  experiments 
on  shorter  time  scale  (between  Ims  and  ins)  can  be 
done  using  the  intrinsic  structure  of  synchrotron 
radiation  originating  from  a  Storage  Ring.  Strobos¬ 
copic  topography,  based  on  an  exact  synchronisation 
between  the  observed  phenomenon  and  the  time  structure 
of  the  source  is  very  well  adapted  to  study  the  reso¬ 
nators  using  synchrotron  radiation  because  the  fre¬ 
quency  of  the  vibrations  in  the  resonators  and  the 
frequency  of  the  pulsed  beam  are  of  the  same  order 
(some  HUE).  So,  studies  of  acoustic  surface  waves 
on  YZ-LlRbO}  (2,3,4)  and  on  quartx  resonators  (J) 
have  been  developed  to  study  the  vibration  modes  with 
a  time  resolution  of  about  one  nanosecond.  Tills  was 
done  at  llasylab  using  the  synchrotron  radiation  of  the 
storage  ring  DORIS. 

In  this  article  we  report  some  results  obtained 
using  the  pulsed  beam  delivered  at  L.U.K.E.  by  the 
storage  ring  D.C.l.  concerning  the  interactions  bet¬ 
ween  the  HAW  (Bulk  Acoustic  Waves)  vibrations  and  the 
lattice  defects  observed  by  stroboscopic  topography  in 
quartx  resonators. 


EXPERIMENTAL  TECHNIQUES 

Synchrotron  radiation  from  Storage  Rings  has  a 
time  structure  because  the  circula-lng  particles 
(positrons  in  the  case  of  D.C.l.)  are  concentrated  in 
bunches.  Two  fixed  parameters  of  this  tine  structure 
are  the  circulation  tine  of  an  individual  bunch  and 
its  length.  For  D.C.l.  these  values  are  31S  ns  and 
Ins.  Another  variable  parameter,  in  some  other  cases, 
is  the  number  of  the  scored  bunches  but  in  our  experi¬ 
nents  this  number  is  always  1  because  the  storage  ring 
of  D.C.l.  was  running  in  single-bunch  mode. 

The  setting  of  the  experiment  is  composed  of  two 
parts  : 

-  The  topographic  setting  is  quite  simple  because  the 
topographic  station  at  L.U.R.E.  is  equiped  with  a 


double  axis  spectrometer.  This  spectrometer  permits, 
when  the  quartx  sample  is  placed  In  the  incident 
(white)  beam,  one  to  obtain  a  baue  pattern  of  topo¬ 
graphs  (6).  This  setting  is  simple  because  the  reso¬ 
nator,  mounted  on  a  goniometer  head  with  a  support 
adapted  for  the  frequency  adjustment  is  placed  per¬ 
pendicular  to  the  beam  without  very  precise  adjust¬ 
ment.  However,  the  most  interesting  aspect  of  this 
spectrometer  is  the  monochromatic  setting.  In  this 
case,  the  first  axis  holds  a  (110)  aample  of  germanium 
which  is  adjusted  to  select  from  the  white  beam  only 
one  wavelength.  The  220  reflection  was  choosen  and, the 
wavelength  of  the  beam  on  the  second  axis  was  0,7  A 
for  a  Bragg  angle  0  »  10,09*.  From  the  resonator, 
adjusted  on  this  axis,  monochromatixed  images  have 
been  obtained.  By  the  use  of  very  fine  slit,  we  have 
also  obtained  "seetion'topograph*. 

-  The  electronic  control.  To  obtain  an  exact  synchro¬ 
nisation  of  the  X-ray  pulses  and  of  the  piexoelectrlc 
vibrations  of  the  resonators,  a  pulse  signal  obtained 
from  the  positron  bunch  (by  a  capacitive  pick  up)  is 
used  to  generate  the  excitation  signal  of  the  resona¬ 
tors.  This  signal  is  slaped  in  sinusoidal  form  by 
filtering  at  the  recurrence  frequency  of*che  synchro¬ 
tron  (f0  »  3,169260  Hllx)  or  at  an  harmonic  of  this 
frequency  (n  f0,  with  n  »  2,3...).  A  phase  shifter 
permits  to  vary  the  relative  phase  between  the 
synchropulse  and  the  sinusoidal  signal  used  to  excite 
the  resonance  of  the  crystal  (after  a  level  adjust¬ 
ment). 

To  hnve  an  exact  resonance  condition  (resonator 
voltage  in  phage  with  resonator  current)  the  resona¬ 
tors  were  adjusted  by  metallisation  to  have  frequen¬ 
cies  very  close  to  fQ  (or  n.f-).  A  fine  adjustment 
(  a  few  llercx)  is  made  with  a  large  serial  variable 
capacitance. 

The  electrical  parameters  of  the  resonator  are 
measured,  in  situ,  with  a  vector  voltmeter  (level 
of  excitation,  verification  of  the  xero  phase  reso¬ 
nance  condition).  Another  vector  voltmeter  is  used 
to  monitor  the  relative  phase  angle  between  the  reso¬ 
nator  current  (or  voltage)  and  the  synchronisation 
pulse.  After  calibration,  this  relative  phase  between 
the  resonator  current  and  the  X-ray  pulse  (R.P.C.X. 
in  the  following)  is  known  with  n  precision  of 
about  3*  most  of  the  incertitude  resulting  of  the 
effects  of  temperature  fluctuations  on  the  resonator. 

The  general  principle  of  the  set-up  Is  given 
in  Figure  U.  An  example  of  relative  time  position 
of  the  X-ray  sampling  pulse  and  of  the  resonator 
current  is  displayed  in  Figure  11. 
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experiments 


tli*  purpose  of  this  study  W4*  to  deternin*  the 
role  of  ih*  defect*  on  the  acoustical  vibrations. 

In  i)t*  stroboscopic  experiments  the  samples 
v*r«  plano-convex  rtsonstors  having  the  basic  design 
of  high  Q  factor  5MHz,  Sth  overtone  r*sonators 
(Table  I).  Tit*  first  resonator  Ql  sade  with  prealu* 

Q  quarts  was  operated  ac  third  overtone  at  th*  syn¬ 
chrotron  frequency,  the  second  Q2  and  the  third  Ql 
crystals  were  nade  respectively  with  premium  Q  synthe¬ 
tic  quarts  and  with  natural  quarts,  they  vers  operated 
as  fifth  overtone  at  two  tines  the  synchrotron  fre¬ 
quency  (Figure  3). 

All  resonators  were  electroded  with  Cr/Au 
Metallisation  (electrode  diameter  8  m,  mass 
loading  f  IX). 

A«  established  by  th*  theory  (7),  the  used 
vibration  noJ*  are  Much  store  trapped  In  the  case  of 
Q2  and  Ql  than  for  Ql. 


Table  1 


Resonance 

frequency 


Mode  Kc  F  2h« 


Ql  3.169289  MUX  Third  Overton*  ISOmm  I Sna  1,592mm 
Q2  6.338560  MHZ  Fifth  Overtone  150mm  15mm  1,322mm 
Q3  6.33S560  M1IX  Fifth  Overtone  150mm  15mm  1,322mm 


The  doalnating  vibration  sode  in  the  AT-cut  is 
the  thickness-shear  aod*  which  corresponds  to  a  stan¬ 
ding  transverse  wave  In  the  crystal  (Fltur*  3).The 
planes  parallel  to  the  surface  are  displaced  In  the 
Xj  direction  leading  tojt  sinusoidal  shear  of  planes 
perpendicular  to  the  Xj  axis. 

The  coaponencs  uj  and  uj  of  the  dlsplacesenc 
are  generally  weak  In  regard  to  the  Uj  conponent, 
when  no  coupling  to  flexure  or  plane  shear  occurs. 

On  the  X-ray  topographs,  the  Boat  laportant 
constrast  located  under  the  electrodes  is  due  to  the 
u,  conponent  and  depends  on  the  level  of  the  amplitude 
ot  the  vibration  applied  on  the  crystal.  This  contrast 
depends  also  on  the  diffraction  conditions.  Particu¬ 
larly,  when  the  produce  g.u  ,  where  g  Is  the  reflec¬ 
tion  vector  and  G  the  dlsplacesenc  due  to  the  defor¬ 
mation,  give  zero  the  contrast  due  to  the  defamation 
vanishes. 

In  our  cases,  the  aost  inportant  uj  coaponenc  of 
the  displacement  Is  along  the  (1003  direction.  Then, 
on  the  copographs  corresponding  co  the  (Okl)  reflec¬ 
ting  planes  the  contrast  of  the  defamation  does  not 
appear. 


OBSERVATION'S 


Different  types  of  X-ray  topographs  have  been 
obtained  varling  Che  R.P.C.X.  ■  the  level  of  the 
input  signal  and  the  topographic  setting  (Laue, 
Donochroaaclc,  section  topographs...).  We  shall  only 
report  the  aost  laportant  observations  we  have 
obtained  far  the  studied  resonators. 

Ql  Resonator 

In  Figure  4,  vc  present  three  topographs  of  the 
saoe  Laue  pattern  obtained  for  120*  R.P.C.X.  and 
a  power  of  0.9  aW,  It  can  be  note,  thac  depending  on 
the  reflection,  the  contrast,  due  to  the  defamation 


changes.  The  central  black  contrast  which  depends  on 
the  u,  coaponenc  of  th*  defamation  is  clearly  vi¬ 
sible  for  the  ll5  (Figure  A. a)  and_223  (Figure  4. b) 
reflections  but  vanishes  ter  the  013  reflection 
(Figure  A.c).  For  this  reflection  f.S  «  0.  In  contrary, 
the  contrast  (broad  fringes)  due  to  the  uj  component 
of  the  defamation  Is  aore  visible. 

In  Figure  5.  are  presented  two  topographs  of  th* 
crystal  obtained  far  111  reflection  for  two 
different  R.P.C.X.  (with  the  same  vibrating  level). 
For  90*  R.P.C.X.  (Figure  5. a),  the  crystal  present 
a  contrast  very  siatlar  to  thac  obtained  without 
vibration  because  the  diffracting  planes  are  not  defor- 
aed.  It  can  be  observed  the  high  density  of  the* 
dislocation  oriented  parallel  ro  the  ?  crystallo¬ 
graphic  axis.  Th*  fAtnc  circular  contrasc  is  due  to 
stresses  In  th*  electrode  metallization.  Th*  effects 
of  the  dislocations  on  the  vibration  aod*  are  shown 
In  Figure  Sb  (and  also  in  Figure  A. a  and  A.b)  where 
it  can  be  obviously  seen  tkac  the  rone  ofvibratlon 
has  not  the  quasi  circular  syaetry  expected  and  thac 
where  a  large  density  of  dislocation  exists,  they 
uneonfine  the  node.  This  was  also  observed  elsewhere 
by  conventional  X-ray  topography  (continuous  exposure 
during  the  vibration). 

The  saae  features  can  be  observed  on  the  aono- 
chroaatie  topographs.  In  Figure  6, a  Monochromatic 
topograph  (210  reflection)  of"ihe  saae  resonator 
shows  another  interesting  contrast  In  the  central 
resonating  gone  :  fringes  of  "noire**  type  appear  and 
their  configuration  change  with  the  R.P.C.X.  .  These 
fringes  are  due  to  Interferences  between  X-ray 
wavofleld  propagating  in  the  crystal.  They  are  gene¬ 
rally  located  at  the  level  of  the  dislocations  and 
characterise  probably  very  locally  defamed  sones. 

Ql  Resonator 

This  crystal  is  characterised  by  a  better  conflne- 
aent  of  the  vibration.  The  four  aonochroaatlc  topo¬ 
graph*  presented  In  FfcureFwer*  obtained  varling  the 
level  of  th*  input  slgnaTlrespecclvely,  without 
vibration  in  Figure  7. a  ,  15  uW  In  Figure  7.b,  35  |iU 
in  Figure  7.c  and  350  nU  in  Figure  7ci).  Th*  density 
of  the  'dislocation  In  this  crystal  Is  less  laportant 
than  in  the  previous  one.  However,  th*  "moire"  type 
fringes  are  visible  In  the  central  part  ac  the  level 
of  the  dislocations.  Their  configuration  varies  with 
the  RPCX. 

The  geoaetrlcal  aspect  of  the  central  vibrating 
sone  seeaa  less  defamed  than  the  vibrating  part  of 
the  Ql  crystal.  For  this  Q2  resonator  it  appears,  due 
to  their  lover  density, that  the  Influence  of  the  dis¬ 
locations  is  less  laportant. 

In  other  hand,  circular  fringes  located  between 
the  black  contrast  and  the  edge  of  the  electrodes 
present  a  contrast  which  varies  with  the  RPCX.  They 
are  also  due  to  interferences  of  the  propagating 
vaveflelds  in  the  crystal  but  reveal  a  probable  secon¬ 
dary  node  of  vibration. 

Q3  Resonator 

Four  aonochrosaclc  copographs  are  presented  In 
Figure  S.  The  last  three  were  obtained  with  the  sane 
level  of  the  vibration  (90  pW)  but  for  different  RPCX 
(respectively  45*  In  Figure  8,b,  0*  In  FlRure  8.c  and 
135*  In  Figure  8.d).  The  topograph  in  Figure  8. a  was 
obtained  without  vibration.  This  crystal  is  a  natural 
one  and  the  defects  present  are  only  grouch  bands. 

This  crystal  shows  different  Interesting  features: 

-  The  central  black  zone  presents  a  less  contrasted 
(white)  part  which  localization  depends  on  the  RPCX. 

-  This  is  also  verified  far  Che  "noirfi"  type  fringes 
which  configuration  changes  between  Figure  8.b, 
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Figure  B.c  and  Fieure  8.d. 

-  The  external  circular  fringe*  (between  the 
vibrating  cone  and  the  edge  of  the  electrodes) 
appear  only  when  the  crystal  la  vibrating  and  sees* 
to  be  invariable  when  the  RPCX  changes. 

-  The  growth  bands  sees  to  have  an  effect  on  the 
lateral  confinement  of  the  vibration  node  very  less 
Important  chan  the  dislocations. 


discussion* 

To  summarize  the  different  observations)  It  can 
be  said  that  the  global  effect  of  the  dislocations 
In  AT-cut  resonators  Is  to  decrease  the  lateral 
confinement  of  the  thickness  shear  node  when  their 
density  is  inportant  (>  10s  to  lOa/cma).  The  effect 
of  the  growth  bands  Is  until  now  not  clarified. 

The  technique  of  the  !.aue  Stroboscopic  topography 
can  reveal  directly  the  different  nodes  of  the  vibra¬ 
tion  by  visualisation  of  all  the  conponents  of  the 
(instantaneous)  defornatlon. 

It  Is  nost  probable  that  the  deformations  of  the 
Moire  fringes  (produced  by  an  X-ray  interference 
process  not  already  fully  elucidated)  correspond  to 
local  modifications  of  the  transverse  wave  shape  by 
resulting  of  the  Influence  of  the  defects.  (Surface 
defects  appear  to  produce  slnllar  effects). 

The  dislocations  seems  to  have  the  effect  of 
increasing  locally  the  phase  velocity  of  the  shear 
node  and  so  to  contribute  to  uncrap  locally  a  con¬ 
fined  node.  This  hypothesis  appears  to  be  renforced 
by  the  observed  fact  that  bunches  of  dislocations  of 
slnllar  orientations  constitute  a  guiding  structure 
for  the  shear  wave  at  the  periphery  of  the  vibration 
node.  This  pornlc  ,  In  the  case  of  weakly  trapped 
nodes)  to  observe  an  Inportant  untrapplng  effect. 

Although  no  direct  experimental  evidence  of  this 
other  phenomenon  were  obtained  by  now,  one  can  also 
wonder  whether  the  dislocations,  as  ocher  elastic 
discontinuities,  can  or  not  Introduce  some  mode  con¬ 
version  (fast  shear  to  slew  shear  or  longitudinal). 

The  higher  Impurity  level  In  grouch  band  may 
also  Introduce  local  variations  of  the  phase  velocity 
of  the  shear  mode,  leading  to  Increase  (or  decrease) 
locally  the  energy  trapping  parameters,  but  due  to 
the  complexity  of  the  grouch  bands  structure  of  the 
studied  sample,  no  simple  conclusion  about  this 
point  can  be  drawn  now. 

Further  experiments  are  requested,  with  reso¬ 
nators  exhibiting  different  dislocation  densities, 
and  different  energy  trapping  parameters  to  gain  a 
full  understanding  of  the  importance  of  the  Interac¬ 
tions  of  the  defects  with  the  vibration  modes. 

However,  the  Holrd  type  fringes  show  the  local 
deformacions  (associated  with  the  defects  which  seen 
to  Induce  perturbations  In  the  vibration  odes,  in 
addition,  "Section* topographs  Indicate  the  depth  of 
Che  acoustic  contrast  In  the  crystal  (the  areas  with 
maximum  curvature  of  planes). 

The  stroboscopic  method  can  also  permit  to  obtain 
other  Informations  about  the  piezoelectric  resonators 
such  as  Informations  relative  to  the  localization  of 
acoustic  dissipations,  or  to  the  Influence  of  Imper¬ 
fect  geometries  of  the  surfaces. 


The  time  structure  of  Synchrotron  Radiation 
enables  Stroboscopic  X-ray  Topography  with  nanosecond 
time  resolution.  With  the  use  of  the  bean  delivered  at 
L.U.R.E.  we  have  examined  three  quartz  resonators. 

By  the  use  of  different  topographic  setting, 
several  types  of  vibration  nodes  and  the  perturbations 
due  to  the  defects  have  been  observed. 

Defects  like  growth  bands  and  specially  dislo¬ 
cations  disturb  the  B.A.W,  propagation  in  crystals 
and  can  Induce  losses  either  by  untrapplng  a  part  of 
the  energy  of  the  node  or  by  node  conversion. 

However,  the  topographic  contrast  due  to  the 
propagation  of  the  X-ray  waveflelds  in  the  defornatlon 
fields  of  acoustic  waves,  is  not  well  understood  and 
calculations  of  the  beam  trajectories  in  the  crystal 
and  simulation  of  topographs  will  be  necessary  to 
explain  the  observed  contrasts. 
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Abstract 

'  Revised  or  new  Standards  for  quality 
measureawnts  on  cultured  quartz  were  Adopted  for: 
infrared  absorption  measurements ,  etch  channel 
density,  and  inclusion  count  densities. 

The  Electronic  Industries  Association  Accepted 
in  Nirch  1987  me  recoiMendAtions  of  its  Quern 
Material  Study  Comftittee  to  updete  its  EIA  477-1 
spccificAtion,  end  to  propose  the  test  procedures  And 
stAnderds  in  thet  specif icetion  for  Acceptance  At  the 
upcoming  InternetionAl  ElectrotechnicAl  Commission 
meeting. 

A  major  chenye  in  this  revision  is  the  restate¬ 
ment  of  the  quality  grades  for  cultured  quartz  into 
ilphA3*x)  terms  insteid  of  the  9  MHz  Q  terms  used 
heretofore.  Since  the  indicated  S  HHz  Qs  were  based 
on  alphAj^  measurements ,  the  actual  operative  yrade 
limits  will  be,  in  fiet,  unr.hanyed  from  me  earlier 
ones. 

Additional  test  procedures  are  included  for 
oouining  standard  etch  channel  density  counts, 
cm'z,  and  inclusion  count  densities,  on"4,  in 
specified  size  ranges. 


Tne  onyoiny  process  of  standardizing  quartz 
materia)  testing  rxf.hodt  has  progressed  another  step. 
In  the  USA  me  electronic  Industries  Association 
(EIA)  adopted,  recently,  tnree  revised  quartz 
material  test  specifications,  designed  to  yield 
reproducible  measurements  in  different  test 
locations.  Further,  these  standard  test  procedures 
are  to  oe  proposed  for  acceptance  at  me  July  1987 
International  Eieetrotecnnkal  Coinissioo  (IEC) 
meeting. 

In  norml  sampling  practice  one  or  more  of  these 
tests  is  applied  to  a  group  of  crystal  oars  statisti¬ 
cally  sampled  from  one  hydrothermal ly  groan  run 
batch.  Two  of  the  tests  need  lapped  and  polished 
oriented  slices  from  the  sample  bars,  vdtile  the  third 
can  oe  used  on  as-grown  bars.  For  most  usual 
applications  at  moderate  quality  assurance  levels,  a 
low  percentage  sample  of  the  batch’s  bars  can 
represent  the  batch  and  meet  tne  statistical 
assurance  requirements. 

These  revised  quartz  material  test  specifica¬ 
tions  include: 

1)  An  alpna3SOO  (infrared  absorption 
coefficient)  measurement  which  replaces  Q  as  the  wain 
quality  assurance  criterion,  its  measurement  method 
is  unenanged.  Alpha35U0  maximum  tolerances  replace 
the  minimum  Q  limits  used  heretofore.  Yet  there  is 
no  effective  change  in  the  grading  limits,  because 
the  earlier  Qs  were  themselves  indicated  from 
alpna35UO  measurements.  This  revised  test  is 
expected  to  continue  serving  as  the  quality  assurance 
workhorse  it  has  been  for  many  >zars. 


2)  An  etch  Channel  density,  p  ,  measurement 
standard.  This  is  needed  when  required  to  grade 
material  for  etch  processability. 

3)  Inclusion  density  counts  in  standardized 
inclusion  size  ranges.  Counting  inclusions  within 
specified  size  ranges  should  insure  tnat  the  counts 
from  different  test  laboratories  will  be  more 
directly  comparable  with  each  other.  These  counts 
are  expected  to  be  critical  only  in  certain 
specialized  applications. 

A  fourth  test,  an  analysis  for  aluminum  content, 
was  not  specified  by  the  committee.  However  the  user 
way  wish  to  require  a  maximum  aluminum  content,  or 
its  analysis,  especially  if  his  application  Involves 
research  or  requires  high  stability  under  adverse 
conditions  that  may  include  ionizing  radiation. 

Tne  general  subject  of  quality  indications  ana 
"Qs“  indicated  from  infrared  measurements  on  cultured 
quartz  has  been  reviewed  and  recalibrated  in  the 
literature  during  recent  years* »z.  Hound 
robins  have  been  conducted,  first  in  SHHz  Q  measure¬ 
ment,  and  later  by  the  EIA  conwittee  in  various 
infrared  alpha  measurements3.  Tnese  yielded  a  data 
base  for  obtaining  5HHz  Q  indications  with  Improved 
realism  from  alpha  measurements.  But  to  avoid 
possible  ambiguity  the  EIA  corwittee  prefers  to  use 
the  alpha  measurements  directly  for  quartz  material 
test  grading. 

Sampling  a  run  for  the  etch  channel  count  test 
may  have  added  complications  because  etch  channels 
can  be  introduced,  not  only  by  run  conditions,  but 
also  by  dislocations  in  the  seeds  upon  wnich  the 
material  is  grown.  Thus  a  good  oaten  sample  should 
be  represent! ve  of  no«.  only  tne  run’s  growth 
conditions,  out  also  of  the  seed  population  that  was 
planted  In  that  run.  A  run's  seed  population  may  or 
may  not  be  uniform  in  dislocation  density  from  seed 
to  seed. 

Details  of  the  specified  test  procedures  are 
straight  forward,  and  specific  to  Insure  repeatable 
results.  Matters  relating  to  the  use  of  alpha 
measurements  for  repeatable  quality  control  are 
discussed  in  a  paper  accepted  for  publication  in 
September  1987  .  Tne  test  procedures  are  to  be 
published  by  the  EIA  and  will  be  obtainable  from 
them. 

Measurements  of  basic  material  properties  are 
often  grouped  into  two  broad  categories:  bulk 
properties  that  extend  throughout  the  sample  and  have 
measurable  values  at  any  locality  within  it,  and; 
lattice  defects.  These  are  summarized  for  cultured 
quartz  in  Table  I.  In  the  list  of  test  specifica¬ 
tions  above  the  first  and  fourth  are  of  bulk 
properties  since  they  reflect  impurities  dissolved 
throughout  the  crystal.  Specifically,  the  first,  an 
infrared  alpna,  reflects  the  UH  (0-bonded  hydrogen) 
content;  the  fourth  another  Impurity,  aluminum, 
content.  Other  impurities  are  often  measured  but 
their  control  is  not  considered  of  critical 
'mi*ortance  to  nnst  uses  of  quartz  material  as  is  the 
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AN  OUTLINE  Of  CHARACTERIZATION  Of  CULTURED  QUARTZ 
for  Qut Iky  Testing  Use 

A)  Dimensions  end  Orientation  of  Bar,  Locations  of 
S««d  end  of  Growth  Region  Boundaries 

8)  Metro  Defects:  Creeks,  Growth  Flews  end  Twins 

The  A  end  9  categories  above,  heve  long  been 
effectively  specified,  end  ere  uneffected  oy  the 
revisions  here  described. 


control  of  the  bonded  hydrogen  end  aluminum. 

The  other  two  tests  ebove  ere  f.ir:  (2),  those 
defects  Involving  dislocetlons  thet  cen  etch  end  be 
made  visible  for  etch  chennel  counting,  end  (3),  the 
bits  of  foreign  meteriel,  inclusions,  to  be  counted 
eccording  to  size  renge.  Whenever  to  our  knowledge 
to  dete,  the  inclusion  materiel  hes  been  analyzed  It 
hes  been  found  to  be  e  sodium  iron  si  licet.*  mineral, 
elthough  there  is  no  reeson  in  principle  thet  other 
materials  cen  not  elso  be  included  es  Indeed  many  ere 
In  neturelly  occuring  quertz  crystels. 


C)  Bulk  Properties 


1) 


Chemicel  Purity 


e)  tnfrered  Transmittance:  ALPHA 
ALPHAiiiii  e  useble  elternete) 

INDICATIVE  Of  OH  CONTENT. 


3W0 


(with 


b)  Aluminum  Content 

c)  Other  Dissolved  Impurities 

2)  Pnysicel  Properties,  Including  tneir  THERMAL 
coefficients 


e)  Elestic 
b)  Piezoelectric 


When  specifying  cultured  quertz  meteriel  for 
specific  eppllcetions  most  users  cen  expKt  to 
continue  to  piece  their  mein  relience  for  quality 
essurence  on  elphe3S00  through  resteted  requirements 
on  its  maximum  which  ere  set  to  be  equivelent  to 
their  eerller  Q  minimum  requirements  for  thet  use. 
Tnis  elso  will  continue  to  piece  effective  limits  on 
the  OH  content,  end  so  Insure  thet  the  pnysicel 
properties,  especielly  the  frequency*tempereture 
"angle  behevior”,  will  remein  within  the  renges  of 
their  normel  experience.  Otner  tests  in  Teble  1 
under  the  heedlngs  Cl,  Chemicel  Purity,  end  0, 
Lettice  Imperfections,  should  be  used  when  indiceted 
by  the  epplicetlon,  or  when  e  complete  characterize* 
tion  is  epproprlete,  es  for  meteriel  thet  will 
undergo  experimentel  studies. 


c)  Lettice  Dimensions 

d)  Dielectric 

e)  Optical 

The  physical  properties  neve  been  reported  to 
converge  within  the  Accepted  renges  of  neturel 
quertz  properties,  es  its  purity  increeses;  i.e. 
meinly  es  elplie^^,  becomes  less  then  U.Oti  cm'*  . 

u)  Lettice  Imperfections 
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Teble  1 

A  Clessified  Sumnery  of  Heesureble  Properties  of 
Cultured  Quartz.  To  dete  tne  wain  quality  assurance 
emphasis  hes  been  on  chemicel  purity  as  manifested 
through  Infrered,  and  sometimes  aluminum  content 
measurements. 


242 


4lat  Annual  Frequency  Control  Symposium  -  1987 

CPHn;TINS_cmTAt_PR»EKrATIW_r»aM_X-HAY_M£ASm{t?tE.STS 

John  II.  Sherman,  Jr. 

Consultant 
2022  Woedcre*t  Drive 
Lynchburg,  VA  24S01 


Abstract 

The  equation*  -sed  to  compute  the  orientation 
of  doubly  rotated  quart*  plate*  from  Bragg  X-ray 
data  have  been  derived  by  vector  method*.  The 
aolution  of  a  two  measurement  data  ensemble  taught 
by  Bond  ha*  been  found  by  a  convergent  iteration. 
Thit  paper  contain*  an  alternate  derivation  of  the 
equation*  from  con«ideration*  of  tolid  geometry 
and  the  unit  sphere,  and  a  reduction  of  the  solu¬ 
tion  to  the  solution  of  a  quadratic  equation  with 
numerical  coefficient*.  The  derivation  by  vector 
method*  ot  two  and  three  measurement  ensemble*  and 
their  previously  published  method*  of  solution  are 
reviewed  briefly. 


Introduction 

X-ray  measurement  problem*  of  AT-cut  reson- 
ator  manufacture  have  traditionally  been  solved  by 
breaking  the  problem  into  manageable  bit*.  Stone* 
have  been  oriented  one  lattice  plane  at  a  time  in 
preparation  for  cutting  in  "coring"  or  "lumbering" 
operation*  to  generate  flat  surface*  containing 
chosen  atomic  plane*.  The  tolerance*  of  second 
and  third  angles  in  cut  wafer*  thus  translate  into 
tolerance*  of  coincidence  of  the  surface  and  the 
chosen  plane.  The  cutting  of  the  8  angle  abo*;t 
the  unrotated  X-axis  is  then  made  in  a  single  ori¬ 
ented  operation.  This  approach  is  equally  applic¬ 
able  to  that  V-cut  called  IT  and  to  another  with  a 
first  rotation  of  U.9  degrees,  but  not  to  those 
called  FC-  and  ST-,  in  which  no  coincidence  of  a 
lumbered  surface  with  a  lattice  plane  occurs.  In 
measuring  a  blank,  lumbering  errors,  which  result 
in  non-zero  second  and  third  angles,  do  not  get 
measured  directly,  but  are  assumed  to  be  under 
control  and  of  tolerable  consequence  by  virtue  of 
their  independent  control  in  the  lumbering  oper¬ 
ation.  Consequences  of  cutting  errors  have  been 
studied  (1),[2),(3)  and  their  first  order  effects 
published  in  various  places.  These  studies 
constitute  the  scientific  basis  of  lumbering 
tolerance* . 

Another  way  to  cut  blanks  long  used  in  making 
AT-cuts  is  known  as  "bologna  slicing",  in  which 
elaborate  and  ingenious  procedures  are  used  to 
present  the  stone  to  the  saw  to  cut  a  properly 
oriented  blank  directly.  When  all  quartz  was 
natural  quartz  and  all  saw  blades  thick  this 
method  had  vigorous  defenders,  as  the  quartz  lost 
in  making  standardized  blocks  froa  uneven  sized 
natural  stones  was  expensive,  as  was  the  substan¬ 
tial  labor  demanded.  Bologna  sliced  blanks  were 
uneven  in  size  and  shape.  They  were  trimmed  after 
slicing  to  cut  blanks  of  usable  size  out  of  the 
pieces.  This  was  usually  possible,  even  when  the 
slices  contained  twinned  regions.  This  method  has 
never  been  a  factor  in  cutting  AT-cut  blanks  froa 
cultured  quartz,  as  the  cultured  stones  are  grown 
in  shapes  which  imply  efficient  lumbering,  and 
efficient  gang-sawing  compared  to  sawing  with  the 
thick  blades  used  in  bologna  slicing. 


Control  of  cutting  error*  traditionally 
acceptable  for  AT-cut*  can  hardly  be  tolerated  in 
manufacturing  precision  SC-cut  resonators,  which 
are  becoming  an  increasingly  significant  item  in 
the  repertoire  of  the  crystal  manufacturer. 

Cutting  tolerance*  for  SC-cut*  have  to  be  much 
tighter  than  they  ever  were  for  AT-cut*.  This  l* 
not  to  imply  that  the  method*  of  preparing  blank* 
for  SC-cut  resonator*  are  significantly  different 
from  the  methods  u*ed  in  preparing  AT-cut*.  The 
method*  are  the  same,  even  doun  to  one  maker 
applying  a  refined  kind  of  bologna  slicing  |&]  to 
the  cutting  of  SC-cut*.  The  effect  of  cutting 
error*  is  aimply  more  *evere  in  SC-cut  resonator*, 
at  least  In  high  precision  SC-cut*,  than  in 
AT-cut*.  One  need*  to  know  the  orientation  in 
detail  before  fabricating  the  resonator  so  that 
its  error*  can  be  corrected  or  the  blank  removed 
from  the  line  before  the  full  cost  of  manufacture 
is  put  into  a  unit  that  could  be  recognised  from 
the  beginning  to  be  a  reject. 


Measurement 

In  starting  to  discus*  measurement,  let  u* 
get  one  thing  out  of  the  way.  What  1  want  to  be 
discussing  i*  measurement  by  Bragg  X-ray  diffrac¬ 
tion  methods.  There  is  another  class  of  X-ray 
diffraction  usable  to  determine  the  orientation  of 
a  crystal  plate,  known  a*  Lane  diffraction.  Bragg 
diffraction  is  diffraction  of  a  monochromatic  beam 
of  X-rays,  while  laue  diffraction  is  diffraction 
of  a  continuous  spectrum.  Laue  diffraction  oceurs 
because  there  are  distinct  and  unique  path  direc¬ 
tion*  through  a  crystal  along  which  only  a  single 
wavelength  of  X-ray*  can  pa**.  The  explanation  of 
these  paths  is  the  same  a*  the  explanation  of  the 
diffraction.  Rath  path  selects  a  wavelength  which 
ean  traverse  it.  Along  all  other  directions  the 
X-rays  are  either  absorbed  or  scattered  incoher¬ 
ently.  When  that  crystal  Is  illuminated  by  a 
narrow  beam  of  continuous  spectrum  X-ray*  there 
will  result  a  characteristic  transmission  or 
reflection  of  X-rays  such  that  beams  will  leave 
the  crystal  in  only  certain  directions,  each  beam 
being  of  a  single  wavelength.  A  photographic  film 
mounted  in  a  plane  perpendicular  to  the  incident 
beam  will  intercept  transmitted  or  reflected  beams 
forming  a  pattern  of  spots  displaying  a  symmetry 
which  depends  upon  the  symmetry  of  the  crystal. 

The  spacing  of  the  spots  in  the  pattern  depends 
upon  the  spacing  of  the  lattice  planes  and  the 
distance  between  the  film  and  the  crystal.  When 
the  spots  are  at  their  brightest  and  the  symmetry 
of  the  pattern  is  perfect,  the  incident  beam  is 
perpendicular  to  a  lattice  plane.  This  method  of 
X-ray  examination  is  being  used,  to  my  best  know¬ 
ledge  and  belief,  with  exemplary  success,  by  a 
single  maker  of  crystals  (5], (6]  in  the  western 
world.  This,  incidentally,  is  the  same  maker  who 
has  successfully  adapted  bologna  slicing  to 
cutting  SC-cut  blanks. 
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What  (a  known  aa  Iragg  diffraction  fallow* 
fro*  tho  mechanism  by  which  Bragg  explaningd  Uu* 
diffraction,  ‘•'hen  it  wa*  clear  that  the  pattern 
of  Uue  spot*  va*  due  to  meneehrematle  path* 
through  the  crystal  it  became  clear  that  a  heaa 
Originally  monochromatic  would  he  selectively  dif¬ 
fracted  in  only  particular  direction*  depending 
upon  the  wavelength  and  the  lattice  plane  apacing 
of  the  cryatal.  .Machine*  which  depend  upon  Iragg 
diffraction  u*e  characteristic  X-rays  of  a  metal, 
in  our  ea«e  of  copper,  a*  a  functionally  mono¬ 
chromatic  sourte,  though  it  ia  sometimes  necessary 
to  recall  that  the  bean  ia  actually  a  doublet  of 
very  nearly  but  not  exactly  a  tingle  wavelength. 

A  Sragg  diffractometer  it  a  Machine  which  mature* 
the  angle  between  the  aurfaee  of  the  plate  and  the 
lattice  plane  for  which  the  machine  waa  aet  up. 
Tht*  measurement  la  really  a  protractor  measure¬ 
ment  between  two  poaitiona  of  a  holding  fixture, 
a*  it  hold*  a  plate  having  it*  *urface  parallel 
to  the  lattice  plane  and  a*  it  hold*  the  unknown 
plate  being  measured,  this  protractor  ia  capable 
of  resolving  a  fraction  of  a  minute  of  angle. 

Various  mean*  to  hold  and  position  the  plate 
under  measurement  (7), (8), (9)  are  described  (n  (he 
literature.  Since  this  paper  i*  not  concerned 
with  making  the  measurement,  but  with  the  use  of 
the  measurements  to  calculate  the  orientation  of  a 
blank  oblique  to  several  planes  and  simply  related 
to  none,  there  will  be  no  detailed  discussion  of 
the  techniques  of  measurement  themselves. 


Of  Dimensions  and  Coordinate* 

The  measurements  made  by  a  Kragg  spectro¬ 
meter  are  of  the  angles  between  the  plane  surface 
of  a  crystalline  plate  and  a  lattice  plane  of  the 
crystalline  substance.  In  the  measurement  of  a 
totally  unknown  plate  the  angles  between  the  plate 
and  three  lattice  plane*  are  found.  This  inform¬ 
ation  is  subject  to  several  different  descrip¬ 
tions,  all  of  which  must  be  ultimately  equivalent. 
Discussing  several  descriptions  may  lead  to  easier 
visualisation  and  understanding. 

A  plane  surface  of  a  crystal  plate  is  clearly 
a  single  surface,  immediately  apprehended.  To 
speak  of  a  lattice  plane  does  not,  however,  Imply 
that  we  are  crying  to  discuss  a  particular  plane 
within  the  crystal  In  the  same  sense  as  we  discuss 
the  surface,  but  to  characterise  by  their  paral¬ 
lelism  all  planes  parallel  to  the  plane  named. 

We  really  consider  a  geometric  plane,  not  a 
true  lattice  plane  at  all,  but  a  plane  parallel  to 
real  lattice  planes,  a  plane  tangent  to  a  aphere 
of  unit  radius  about  an  arbitrary  origin.  This 
geometric  plane  is  perpendicular  to  the  radius  of 
the  unit  sphere  at  the  point  of  cangency  and  the 
coordinates  of  the  point  of  tangeney  are  the 
cosines  of  the  three  angles  between  that  radius 
and  the  three  Cartel ian  axes.  All  planes  perpen¬ 
dicular  to  this  radius  are  parallel,  and  are 
conventionally  considered  the  same  plane.  For 
Bragg  diffraction  to  occur,  a  multiplicity  of  many 
thousands  of  real  lattice  planes  are  involved. 

Three  dimensional  space  is  described  by 
various  coordinate  systems.  In  this  paper  we  use 
a  blend  of  two,  rectangular  Cartesian  coordinates 
and  spherical  coordinates.  These  are  paired  in 
Che  standard  way  of  designating  crystal  orient¬ 
ation  in  the  designation  of  X-,  Y-,  and  Z-  axes  of 


quartz  and  angular  rotations  of  G  and  9  degrees 
around  2-  and  X-  in  a  sphere  of  unit  radius. 

In  three  dimensional  space  a  plane  can  be 
designated  by  its  intercepts  on  the  three  Cartes¬ 
ian  axes.  These  three  sets  of  data  values  contain 
all  the  information  to  define  the  plane  uniquely 
and  completely.  The  plane  is  equally  defined  by 
the  coordinates  of  any  one  point  in  the  plane  and 
the  three  angles  formed  between  the  Cartesian  axes 
and  the  radius  from  the  origin  perpendicular  to 
the  plane.  Usually  the  angles  themselves  are  not 
stated,  but  their  cosines.  The  nicest  point  to 
know  is  the  foot  of  the  perpendicular  on  the 
plane.  For  this  point  the  coordinate*  are  propor¬ 
tional  to  the  cosines  of  the  three  angles.  The 
sum  of  the  squares  of  the  three  cosines  is  identi¬ 
cally  unity. 

The  regular  structure  of  a  crystal  implies 
directions  which  are  obvious  candidates  axes  in  a 
coordinate  system  to  describe  the  crystal.  The 
natural  increments  along  these  axes  are  commeoly 
not  of  the  same  she,  though  Cartesian  coordin¬ 
ate*  are  characterised  by  uniform  steps  along  all 
three  axes.  If  unit  steps  along  each  axis  in  a 
crystal  be  taken  as  the  spacing  of  the  planes  in 
that  direction  and  the  unit  distances  be  enclosed 
by  the  smooth  surface  most  resembling  a  sphere, 
that  surface  would  have  to  be  some  kind  of  ellips¬ 
oid.  Only  in  a  very  few  eases  of  the  very  simp¬ 
lest  crystals  would  the  surface  be  a  sphere.  In 
order  to  discuss  a  crystal  in  Cartesian  coordin¬ 
ates  it  is  usually  necessary  to  account  for  this. 
Thu*  in  quarts,  if  the  4.9029  A  lattice  spacing 
along  an  X-axla,  called  "ag"  {there  are  three  axe* 
130*  apart,  eaeh  equally  validly  considered  an 
X-axis)  is  defined  to  be  l  unit,  then  the  lattice 
spacing  alone  a  Y-axis,  perpendicular  to  the 
X-axis,  is  /T/2  units.  The  spacing  of  the  planes 
along  the  2-axis,  called  “c0",  perpendicular  to 
both  X-  and  Y-  has  to  be  measured,  and  is  found  to 
be  1.10009  units. 

Intercepts  of  lattice  planes  wit),  these  axes 
are  all  integer  or  rational  fraction  values  of 
these  natural  unit*  of  spacing.  The  120*  separ¬ 
ation  between  the  three  X-axes  of  quarts  assures 
that  any  plane  which  intercepts  a  Y-axis  will  also 
intercept  a  ♦  end  and  a  -  end  of  Che  two  X-axes 
which  lie  only  30*  away  froa  that  Y-axis.  A 
Y-axis  is  not  even  a  necessary  thing  in  quarto, 
given  the  three  X-axe». 

The  120*  between  the  X-axes  has  a  number  of 
interesting  consequences  which  are  simply  proper¬ 
ties  of  a  hexagon.  A  lattice  plane  not  perpendic¬ 
ular  to  2  must  intersect  one  or  another  X-axis  at 
an  integral  value  of  the  natural  unit,  lc  will 
then  neceasarily  intersect  the  other  two  X-axes  at 
points  having  values  of  integers,  rational  frac¬ 
tions  or  infinity.  Furthermore,  the  turn  of  the 
reciprocals  of  the  three  intercepts  on  the  X-axes 
will  be  identically  zero.  The  reciprocals  of  the 
intercepts  in  lattice  units  of  thet  particular 
plane  of  a  family  of  parallel  plans  which  lies 
closest  to,  but  not  containing,  the  origin  consti¬ 
tute  an  asacmblage  of  four  digits  called  "Miller- 
Bravais"  indices  for  the  plane.  The  cluster  has 
the  form  hk?.f.  The  first  three  indices  are  the 
reciprocals  of  the  intercepts  on  the  three  X-axes. 
Since  the  sum  of  these  three  (two  positive  and  one 
negative  or  vice  versa)  is  necessarily  zero  it  is 
conventional  to  onft  the  value  of  the  third  one, 
substituting  for  it  a  point.  The  minus  sign  of  a 
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negative  Index,  if  the  index  is  written  at  nit,  is 
written  ever  its  number  in  the  cluster  rather  than 
before  it,  ashing  for  a  neat  and  eo*paet  array. 

These  indices  are  used  to  code  the  intercepts 
of  that  particular  representative  plane.  Turn 
the*  and  the  actual  values  of  the  natural  crystal 
dimension#  are  computed  the  location  of  the  plane 
and  properties  of  its  family  in  Cartesian  space. 

In  the  crystallography  of  quarts  the  natural 
unit  along  the  X-axis,  the  X-  distension  of  the 
unit  cell,  is  called  M*a"  while  the  S-  dl*ensien 
is  called  "e0".  They  are  subject  to  measurement. 
The  best  values  of  these  (II)  at  18*  C  are: 

afl  •  4.90290  •  0.00003  A 

e0  «  3.39363  i  0.00003  A 
and  their  ratio: 

e(/*0  "  1*18009  ;  0.00001 

In  order  to  *ake  the  conversion  of  lattice 
dimensions  to  Cartesian  coordinates  it  is  conven¬ 
ient  to  define  a  scale  factor,  S,  based  on  the 
geometry  of  the  conversion,  as  follows: 

S2  «  4(h2  •  hk  ‘  k2)  •  32/<c/a)2 

Then  the  spacing  of  the  lattice  planes  hk.j(  Is 
given  hy: 

d  «  a0/3 

and  the  direction  cosines  of  the  noraal  to  this 
plane,  given  by  pi,  p2,  p3  respectively,  are: 


pi  *  h/S  (la) 

pl  •  <h  •  3k)//I$  (lb) 

p)  »  c0-f/a0$  (lc) 

The  direction  cosines  of  the  noraal  to  a  plate  P 
having  rotation  angles  6  and  0  are: 

pl  •  -sinOcosO  (la) 

pl  ■  cos6co*0  (lb) 

p3  ■  sinO  (lc) 


The  Nature  of  the  Data 

The  X-ray  goniometer  aeasures  a  scale  reading 
for  the  location  of  the  surface  of  the  unknown 
crystal  plate.  The  calibration  of  a  conventional 
aachine  it  *ade  using  the  reading  of  a  plate 
having  the  lattice  plane  used  for  the  reflection 
lying  in  the  surface  of  the  plate,  if  the  plane 
actually  lies  in  the  surface  Chen  the  place  can  be 
rotated  in  its  own  plane  into  any  position  what¬ 
ever  and  the  X-rays  will  be  diffracted  into  the 
detector  with  no  further  adjustment  of  the  aachine 
required.  If  the  plane  and  the  surface  are  not 
separated  fro*  each  other  by  an  excessive  angle, 
the  location  of  the  plane  is  found  at  the  average 
of  Che  two  aciauth  settings  of  the  plate  holder  of 
aaxiaua  separation  which  result  in  diffraction  of 
Che  beaa  into  the  detector.  These  occur  as  Che 
plate  is  rotated  in  its  own  plane  at  points  180* 
apart.  Since  the  difference  between  two  azimuths 


can  be  found  independent  of  the  accuracy  or  con¬ 
stancy  of  a  direct  scale  reading,  the  best  choice 
of  plane  is  one  which  allows  a  good  strong  dif¬ 
fracted  bea*  to  be  directed  into  the  detector  fro* 
two  positions  of  the  plate  133  apart. 

Sand  (l)  discussed  measurement  of  SS-cul 
plates  as  an  aspect  of  cutting  the*.  He  had 
occasion  to  consider  diffraction  fro*  two  differ¬ 
ent  planes  with  the  sane  kragg  angle.  In  order  to 
mount  the  plate  properly  in  the  X-ray  machine  he 
generated  in  the  lumbering  operation  an  oblique 
edge  of  the  plate  of  appropriate  orientation  to 
allow  the  placement  of  the  plate  in  the  machine, 
thus  to  use  a  single  detector  to  measure  the 
angles  between  the  plate  and  tne  two  different 
planes  with  the  same  ftragg  angle.  In  the  absence 
of  a  reference  edge,  as  occurs  in  measuring  a 
round  blank,  a  rotating  chuck  (8) (10)  is  indi¬ 
cated.  This  can,  of  course,  be  used  also  to  hold 
a  blank  with  straight  edges,  Thera  will  be  four 
positions  which  result  in  detection  of  the  beam. 

A  single  datvx*,  then,  is  an  angle  reading 
which  either  equals  the  angle  between  the  surface 
of  the  plate  and  the  diffracting  lattice  plane  or 
equals  just  twice  that  angle.  The  designer  of  the 
equipment  makes  a  conscious  decision  which  kind  of 
data  is  to  be  obtained  fro*  that  aachine.  Thus 
there  were  simultaneously  being  used  in  the  early 
years  of  the  American  crystal  industry,  crystal 
gonioaeter*  made  by  Ceneral  Electric  which  meas¬ 
ured  AT-cut  plates  by  detecting  a  single  diffrac¬ 
tion  and  converted  the  scale  reading  thus  obtained 
to  an  angle  by  a  calibration,  and  gonio«eters  made 
by  Philips  which  detected  two  diffraction  peaks 
approximately  six  degrees  apart  fro*  a  plate 
placed  sequentially  in  two  positions  and  deter¬ 
mined  the  plate  angle  as  half  the  position  differ¬ 
ence  below  the  known  angle  of  the  lattice  plane. 

In  general,  4n  unknown  *ay  be  oblique  to  all 
lattice  planes  in  the  crystal.  In  the  case  of 
AT-cut  plate*  the  X-axis  nominally  lies  in  the 
surface  of  the  plate.  Only  one  angle  is  measured. 
In  the  case  of  SC-cut  plates  no  axis  lies  in  the 
surface  of  the  plate  so  the  angle  between  the 
surface  and  more  than  one  plane  must  be  measured 
to  locate  the  surface  in  space.  To  measure  a 
known  doubly  rotated  cut,  measurements  against  at 
least  two  planes  must  be  made.  To  measure  a 
complete  unknown,  at  least  three  are  required. 


Interpreting  the  Data  Geometrically 

All  that  is  known  from  a  datum  is  the  angle 
Coined  by  a  chosen  lattice  plane  with  the  surface 
of  the  plate  and  the  orientation  of  the  lattice 
plane.  The  plane  and  the  surface  intersect  in  a 
straight  line  the  orientation  in  space  of  uhieh  is 
enough,  if  known,  to  allow  determination  of  the 
orientation  of  the  surface.  Unfortunately,  the 
X-ray  gonioaeter  does  not  supply  any  information 
about  the  orientation  of  that  line.  All  we  know 
is  chat  the  surface  is  tangent  somewhere  to  a  cone 
which  makes  the  measured  angle  with  the  lattice 
plane  and  that  the  line  of  cangency  is  perpendic¬ 
ular  to  the  intersection,  as  shown  in  Figure  1. 

The  most  picturesque  and  most  fruitful  way  to 
view  the  content  of  this  datum  is  to  consider  the 
normal  to  the  lattice  plane  as  a  line  projecting 
from  the  origin  out  into  space.  The  direction 
cosines  of  this  normal  are  computed  from  the 
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formula*  (I)  above.  Also  project  I  or  from  the 
origin,  forming  (ha  measured  angle  from  the  first 
tine,  is  found  the  normal  (o  the  unknown  surface, 
Since  its  actual  direction  is  as  yet  unknown,  alt 
possible  directions  must  be  considered  to  be  im¬ 
plied  by  the  datum.  Thus  the  normal  to  the 
surface  lies  on  a  circular  cone  about  the  normal 
to  the  lattice  plane,  with  its  apex  at  the  origin 
and  with  the  measured  angle  as  the  generating  apex 
angle,  also  as  shown  in  Figure  I.  This  nc.rsal  and 
the  lines  of  tangency  and  intersection  comprise  a 
natural  coordinate  system  for  the  surface. 

A  measurement  made  against  another  plane  will 
define  another  cone  having  a  different  axis  and  a 
different  apex  angle.  Since  the  normal  to  the 
surface  of  the  plate  undoubtedly  is  in  the  same 
relation  to  the  surface  at  all  times,  even  when 
the  angle  is  being  measured,  then  the  normal  is  on 
both  cones,  and  the  two  cones  undoubtedly  inter¬ 
sect  each  other.  In  general  there  are  two  lines 
of  intersection  of  two  cones  having  a  common  apex, 
just  as  there  are  two  points  of  intersection  of 
two  circles  in  a  plane.  There  ia,  therefore  a 
certain  amount  of  uncertainty  as  to  which  of  the 
two  intersections  is  actually  the  normal,  4n 
uncertainty  which  must  be  handled  by  other  consid¬ 
erations.  The  simplest  consideration  is  that  a 
particular  cut  was  desired  to  be  made,  so  the 
intended  normal  is  probably  the  appropriate  inter¬ 
section. 

We  surround  the  pair  of  cones  by  a  sphere  of 
unit  radius  centered  on  the  apices,  as  illustrated 
in  Figure  2.  The  intersection  of  this  sphere  with 
the  two  cones  is  made  the  focus  of  our  attention 
to  compute  the  intersections  of  the  cones,  thus  to 
find  the  plate  normal  and  the  orientation  of  the 
plate. 

For  convenience  we  have  called  one  lattice 
plane  plane  A  and  the  other  plane  A.  The  unknown 
surface  is  called  plane  X.  The  portions  of  the 
normals  contained  within  the  unit  sphere  are 
called  the  cone  axes  A  and  A,  and  we  mention  radii 
A,  A,  and  X.  The  direction  cosines  of  the  normal 
to  plane  A  are  al ,  a2,  a3.  The  cone  is  cone  A  and 
the  apex  angle  is  angle  A.  CoUrdinate  values  arc 
called  x,  y,  t.  No  confusion  will  be  found  to 
exist  from  any  of  this. 

Fach  cone  intersects  the  sphere  in  a  circle 
smaller  chan  a  great  circle.  The  center  of  each 
circle  is  one  of  the  place  normsls.  The  centers 
of  the  circles  are  joined  by  the  great  circle  AB. 
The  circles  intersect  at  two  points,  XI  and  X2 
which  are  on  great  cirele  X1X2  which  is  perpen¬ 
dicular  to  great  circle  AB.  One  of  these  inter¬ 
sections  is  the  true  normal  to  the  surface  X. 

Figure  3  displays  the  significant  are  of 
great  circle  AB.  Along  this  xreac  circle  are  the 
overlapping  circular  arcs  which  are  the  surface 
diameters  of  the  circles  A  and  B,  of  length  2A  and 
2B.  The  ends  of  these  arcs  are  ends  of  chords 
which  sre  plane  diameters  of  the  same  circles,  of 
length  2sinA  and  2sinB.  The  midpoints  of  the 
chords  are  cosA  and  cosB  distant  from  the  origin. 
The  chords  intersect  at  the  midpoint  of  straight 
line  X1X2.  The  figures  of  rotation  of  these  two 
arcs  and  their  chords  about  their  own  axes  are  the 
two  sectors  of  the  spherical  surface  subtended  by 
the  cones,  the  planes  of  the  circles  of  the  inter¬ 
section  with  the  sphere,  and  the  circles. 


A  plane  tangent  to  'he  unit  sphere  is  perpen¬ 
dicular  to  the  radius  to  that  point.  The  tangent 
plane  at  the  end  of  axis  A  is,  therefore,  parallel 
to  the  lattice  plane  A.  The  plane  farmed  by  the 
rotation  of  the  chord  is  perpendicular  to  axis  A 
and  is  therefore  also  parallel  to  lattice  plane 
A.  Both  are  equivalent,  if  desired,  to  lattice 
plane  A 


PI a  nsjjs  n  d_L  i o  o  x_i n_5  pa  c e 

A  point  in  a  plane  Is  located  by  a  set  of  two 
numbers,  in  space  by  a  set  of  three.  An  expres¬ 
sion  of  the  form  Ax  •  By  *  C  »  0  is  the  equation 
for  a  straight  line  in  a  plane.  An  expression  of 
the  form  Ax  •  By  •  Cs  *  9  «  G  is  nat  the  equation 
for  a  straight  line  in  space,  however,  but  the 
equation  for  a  plane.  An  equation  fur  a  straight 
line  in  spaee  cannot  be  written  in  a  single  closed 
expression  with  one  equals  sign,  a  line  can  be 
defined  by  two  number  triples  locating  two  points 
on  the  line.  The  radii  which  coincide  with  the 
lattice  plane  normals  we  have  been  discussing  are 
defined  thus  by  the  two  number  triples,  the 
origin,  0,0,0,  and  their  intersections  with  the 
unit  sphere,  the  points  xl,a2,a3  and  bl,b3,l>3. 

Two  plane*  intersect  in  a  line.  This  tine  is 
Identified  by  the  two  equations  in  three  variables 
taken  together.  By  elimination  between  the  two  it 
is  possible  to  convert  the  two  equations  in  three 
variables  into  an  equivalent  three  equations  in 
two  variables.  Any  given  line  may  be  considered 
the  intersection  of  any  two  of  an  infinite  num¬ 
ber  of  non-parallel  plane*. 

The  plane  tangent  to  the  unit  sphere  at  the 


end  of  axis  A  is  given  by  the  equation: 

alx  *  a2y  *  a3s  ■  1  (3a) 

and  the  tangent  at  the  end  of  axis  D  is: 

blx  ♦  b2y  *  b3x  ■  I  (3b) 

The  plane  containing  the  cirele  A  has  the 
equation: 

alx  ♦  a2y  ♦  a3x  ■  cosA  (4a) 

and  the  plane  containing  the  circle  B: 

blx  *  b2y  ♦  b3a  ■  cosB  (4b) 


Every  point  on  the  tangent  plane  is  distant 
from  the  origin  by  an  amount  equal  to  or  greater 
than  I  unit  of  length.  On  the  plane  containing  a 
circle  of  intersection  of  a  cone  with  the  sphere, 
every  point  inside  the  circle  is  nearer  to  the 
origin  chan  1  unit,  every  point  outside  Che  circle 
is  farther  from  the  origin  than  1  unit,  and  every 
point  on  the  circle  is  just  1  unit  from  the 
origin. 

The  line  of  intersection  of  the  two  planes 
containing  circles  is  written  by  writing  the  two 
equations  (4)  together.  This  line  contains  all 
the  common  points  of  the  two  planes,  including  the 
two  points  which  are  the  intersections  of  the 
circles  (which  circles,  we  remember,  are  circles 
both  of  their  planes  and  of  the  sphere).  These 
points  are  the  sphere  ends  of  the  two  radii  can¬ 
didates  to  be  the  normal  to  the  unknown  plate. 
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If  wg  divide  equation  (4»)  by  a2  and  equation  cone  axis  vector  (a  taken  to  generate  the  oqua- 

(4b)  by  b2  «e  eliminate  y  ami  find  an  equation  for  tlona  to  be  solved,  resulting  In: 

x  In  terms  of  s.  Similarly  eliminating  x  yield* 

an  equation  for  x  In  term*  of  y.  Since  thing*  A'X  “  alxl  •  a2x2  «  *3x3  >•  co*A  UOa) 

equal  to  the  same  thing  are  equal  to  eaeh  other, 

we  have  a  third  relating  y  and  These  three  and 

equation*  In  two  variable*  were  referred  to 

earlier.  Written  out  In  detail  they  are:  S*X  »  blxl  *  b2x2  ♦  blxl  ■  co*B  (10b) 

^  x  »  y  -  (b3cf*A-a3co*B)  (5)  These  equation*  relate  direction  cosine*. 

(a2b)-a3b2T  (aibl-albj)’ “  They  look  very  similar  to  equation*  (A)  which 

relate  coordinate  value*.  Wien  combined  with  00 
■  x  «  (b2cB»A;a2eo»H)  the  same  problem  of  solution  exist*.  The  vector 

(afbi-aTbf)  derivation  l*  described  by  Bond  and  Kuatert  (II) 

who  offer  an  alternate  approach  to  solving  the  set 
The  expressions  within  parentheses  have  the  of  equations.  Their  method  proceed*  by  assuming  a 

form  of  determinant*  of  two  row*  and  two  column*.  solution,  which  is  surely  the  set  of  direction 

They  are,  of  course,  simply  numbers.  It  will  be  cosines  of  the  normal  to  the  intended  orientation, 

convenient  to  use  single  character*  for  these  5  This  set  of  values  Is  substituted  Into  the  set  of 

determinants:  equations,  resulting  In  a  calculation  of  errors. 

A  second  and  improved  approximation  is  found  from 
lal  a2l  I  m2  a)I  la)  all  these  error*.  After  several  cycles  of  computation 

Dl  «  Ibl  b2l ,  hi  ■  I b2  b)l ,  03  ■  lb)  bll  the  unknown  cosines  can  be  computed  to  any  desired 

number  of  significant  figures.  Tills  kind  of  repe- 
IcosA  a2l  IcosA  a)|  tltlve  convergent  computation  Is  performed  by  the 

£4  ■  IcosB  b2l ,  DS  *  IcosB  b)|  (6)  commercial  microcomputer  program  TKISolver*  (12) 

and  similar  general  mathematical  programs. 

Solving  for  the  Orientation  If  the  plate  being  measured  is  completely 

...  “  unknown  there  is  no  bast*  In  measurement  by  two 

Having  equations  for  the  line  containing  the  diffracting  plane*  to  determine  which  of  the  two 

intersection*  of  the  two  circles,  we  proceed  to  solutions  l*  correct.  This  ambiguity  is  readily 

find  the  coordinates  of  these  intersections.  The  removed  by  making  a  third  measurement  against  a 

unknown  radii  meet  the  unit  sphere  at  x,y,t.  third  lattice  plane,  plane  C.  Wien  this  Is  done  a 

Direction  cosines  to  that  point  are  x,  y  and  c.  third  equation  results: 

The  sum  of  the  square*  of  the  direction  cosine* 

and  also  of  the  coordinates  is  I.  C'X  »  clxl  e  c2x2  ♦  c)x)  ■  co*C  (10c) 


Equations  (5)  are  equivalent  to: 
y  ■  D)x  ♦  D5  (7a) 

sr 

and 

x  •  Dlx  -  D4  (7b) 

dT 

which  are  substituted  into: 

x2  *  y2  ♦  x2  ■  1  (8) 

to  yield: 

(D12+D22*D32)x2-2D2(DID4-D3D5)x+D22(D42*D52-1)«0 

(9) 

This  it  a  quadratic  equation  in  x  having  two 
solutions  readily  found  by  Che  quadratic  formula. 
The  solutions  are  substituted  into  equations  (7) 
Co  find  the  corresponding  coordinate  values  of  y 
and  x.  The  set  appropriate  to  the  intended 
orientation  is  converted,  in  turn,  into  the 
rotation  angles  of  the  plate  surface  using  the 
formulas  of  equations  (2). 


Vector  Methods 

A  completely  different  line  of  reasoning  for 
using  the  goniometer  data  cooes  out  of  simple  vec¬ 
tor  theory.  The  radii  are  treated  as  radius  vec¬ 
tors.  The  dot  product  of  the  unknown  with  each 


Strictly  formally  the  equations  for  the  two 
and  three  measurement  complexes  can  be  written  as 
follows: 

al  a2  a)\  (xl)  fcosAN  (al  a2  *3)  (xl)  (eo*A' 

bl  b2  b3  x  x2  ■  IcosB)  bl  b2  b)  xlx2j  ■  IcosB 

xl  x2  x)j  (x)j  l  l)  (cl  c2  c3)  (x3\  (cosC 

which  appear  deceptively  symmetrical.  These  are 
the  vector  equations  but  the  equations  from  the 
planes  in  space  are  similarly  written,  simply  by 
writing  x,y,t  where  we  have  written  xl,x2,x3. 

The  set  of  three  linear  equations  yields  an 
unequivocal  single  solution  for  the  direction  of 
toe  normal.  Ceoaetrical ly  the  introduction  of  the 
third  plane  introduced  a  third  cone  C  having  the 
third  normal  C  as  axis,  and  a  third  circle.  Three 
planes  can  intersect  in  three  parallel  lines,  but 
if  the  lines  of  intersection  are  not  parallel  then 
they  must  meet  in  a  single  point.  The  physical 
circumstance  clearly  requires  chat  the  planes  of 
the  three  circles  must  so  meet.  The  intersection 
of  the  planes  of  the  three  circles  is  the  end  of 
the  radius  vector  X,  the  normal  to  Che  surface  of 
the  unknown. 

The  quality  of  the  measurements  can  be  evalu¬ 
ated  by  calculating  the  sum  of  the  squares  of  the 
values  obtained  for  xl ,  x2  and  x3.  The  sum  should 
be  identically  unity.  If  the  sum  is  not  suffici¬ 
ently  close  to  unity  the  readings  may  be  recalcu¬ 
lated  in  pairs  by  either  method  to  determine  if 
one  of  the  angle  measurements  is  clearly  associ¬ 
ated  with  discrepant  results. 
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Conclusions 

Determination  of  the  orientation  of  doubly 
rotated  eryatal  blank*  entail*  measurement  agaimt 
•■ore  than  one  lattice  plane  and  a  computation  from 
a  noderately  complex  configuration  in  three  diaen- 
ilonal  apace.  Two  Method*  exlat  to  perform  the 
computation  from  measurement*  agalnit  two  plane*, 
one  a  direct  solution  of  a  quadratic  equation,  the 
other  a  proce**  of  convergent  iteration.  Theae 
method*  both  yield  a  spurious  aolution  a*  well  a* 
the  one  aought.  Measurement  ngainat  three  lattice 
plane*  yield*  a  *et  of  three  linear  equation*  the 
aolution  of  which  is  an  unambiguou*  result. 
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Figura  l.  Intersection  of  surface  S  with  plara  A  at 
the  angle  a  and  t>‘j  two  cones  thus  implied. 


Figure  2.  Cones  A  and  a  intorsectlra  within  and  on  the 
surface  of  the  unit  suher*. 
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Figure  3.  Intersection  ot  great  circle  AB  with  cones 
A  and  B  and  their  associated  planes. 
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4!F**CI 

Thia  pap*r  la  a  tutorial  ovarvl**  of  general 
**ray  technology  aa  applied  In  th*  aanufacturing  of 
quart*  crystal*.  Topic*  covered  include  general  x-ray 
principle*  Including  th*  Iragg  condition  and  refrac¬ 
tion,  alngle  axis  x-ray  ayateaa  Including  choice*  of 
contacting  cryatala,  and  aultlple  axia  ayateaa  vhere 
tvo  or  aore  x-ray  beaa*  are  uaed  either  to  aiaultane- 
oualy  aeaaure  a  quart*  blank**  current  crystallo¬ 
graphic  orientation,  or  to  angle  correct  a  aurface  of 
a  crya’^jl  blank  to  a  apeclflc  orientation.  Applica¬ 
tion*  a.'id  illuatratlon*  are  dravn  froa  the  author*' 
experience  in  all  three  coapanle*  involved. 


WHOgyCTlM 

In  their  eaployaenl  In  aeveral  different  a*nu- 
factoring  facllltle*  of  quarts  reeonatora  over  the 
paat  tvo  decade*,  the  author*  have  experienced  a  vide 
rang*  of  different  approach**,  idea*,  and  technique* 
in  th#  preclaion  aeaaurexent  of  the  cryatallographlc 
orientation  of  a  quart*  cryaial  blank. 

V*  have  alao  aeen  aany  application*  of  x-ray 
technology  vhlch  vere  baaed  on  erroneoua  aaauaptlona 
and  vhlch  led  to,  in  our  opinion,  unnecessary  coapli- 
cation*  in  aanufacturlng  procecae*. 

Aa  a  reauit  of  the  above,  *uch  ha*  been  devel¬ 
oped  and  1*  atlll  under  developaent  in  our  reepecllv# 
coapanle*  to  inprov*  the  *tat*-of-th*-art  in  x-ray 
orientation.  Virtually  none  of  thia  ha*  been  pre- 
■anted  in  peat  ayapoala. 


J.  GENERAL  PRINCIPLES 
The  Bragg  Condition 

Under  proper  condition*,  a  beaa  of  x-raya  inci¬ 
dent  on  th*  aurface  of  a  cryaial  aay  be  acattered 
coherently.  In  thia  caae  v*  uaually  call  th*  coherent 
acattering  x-ray  reflection  even  though,  atrlctly 
■peaking,  th*  coherent  acattering  occur*  only  at  dla- 
Crete,  apeclflc  angle*  to  the  aurface.  Th*  apeclflc 
angle*  are  a  function  of  th*  x-ray  wavelength  and  lat¬ 
tice  apaclng  and  are  defined  by  th*  Bragg  relation 
(1),  vhlch  la: 

nX  ■  2d  aln  6  (1) 

vhere  n  *  1,  2,  3,  ...  and  la  the  order  of  reflection 

X  *  x-ray  vavelength 

d  •  lattice  aeparation  in  aaae  unit*  aa  X 
and  8  >  the  Bragg  angle 

Figure  1  ahova  an  orthographic  projection  of  the 
priaitive  region  in  irtz.  Alto  ahovn  are  dote  that 
repreaent  noraala  to  x-ray  diffraction  plane*.  The 
plar.ee  ahovn  are  thoae  vhlch  are  allowable  ualng  cop¬ 
per  Ka  radiation  vith  a  vavelength  of  1.541. 


In  practice,  th*  allovabl#  diffraction  plane* 
are  governed  by  th*  choice  of  x-ray  target  aaterlal. 
Table  1  giver,  a  relatlonahip  between  »*t#rlal  choeen, 
the  ainiaua  lattice  apaclng  that  can  be  reaolved,  and 
th*  equivalent  order  of  reflection*  poeaibl*  in 
quartz.  Aa  can  be  aeen,  copper  la  a  reaaonabl*  choice 
In  that  a  vide  variety  of  plane*  1*  available  for  uae 
with  order  of  reflection*  up  to  about  3  (00*8  for  the 
Z-planei.  The  longer  wavelength  that  copper  provide* 
ia  alao  a  aafety  factor  in  that  it  ia  not  *a  biologi¬ 
cally  daaaglng  aa  tungaten  x-ray  radiation. 


X-RAY  TARGET  UATER1AL 


Kstcrial 

K-alfia  vsvelesgth 

fl-aw 

iluairxa 

8  2ms 

4  1C37 

CcpMf 

1,5*0562 

0  7127 

Silver 

0,55941 

0,2797 

Tungsten 

0,20931000 

0.JC45 

Equiv  n 
1 
5 
IS 
•S3 


khtlcfqia  w  wxisg  w  ygsut a  tnni 


Table  1.  Kiniaua  lattice  *p*clng  and  reflection  order 
obaervabl*  aa  a  function  of  target  aaterial 


N-RayJ.l  n#  Shape* 

A  aerie*  of  calculation*  vhlch  take*  into 
account  all  of  th*  known  extinction,  abaorption,  and 
refraction  effect*  of  quarts  aa  *  function  of  th* 
atoaic  diffraction  plan*  predict*  that  th*  actual  peak 
of  reflection  energy  occura  not  at  the  Bragg  angle  aa 
predicted  in  Eq.  1,  but  at  an  angle  allghtly  lea*  than 
the  Bragg  angle.  Th*  prlaary  caua*  for  thia  la 
refraction.  Th*  change  in  th*  index  of  refraction  for 
Ka  radiation  in  a-quarts  compared  to  air  la  of  th# 
order  of  1  part  in  10*5.  The  Bragg  angle  calculation 
appllea  inalde  the  quarts  while  angle*  are  aeaaured 
outald*  of  the  quartz  blank.  Figure*  2  through  £  ahov 
coaputed  lineahape  curve*  for  aeveral  of  the  aore 
coaaon  plane*  in  a-quartz.  (21 

In  thia  aerlea  of  calculations,  the  relative 
amplitude,  vhlch  la  aiaply  the  coaputed  area  under  the 
lineahape  relative  to  the  01*1  plane  (Fig.  2>  vhoae 
intensity  is  defined  as  1.00,  is  alao  given.  Of 
Interest  is  that  the  relative  aaplitude  of  the  01*1 
plane  (Fig.  3)  la  coaputed  to  be  0.65,  va.  0.75  aa 
given  in  Helalng  (11,  and  the  02-2  (Fig.  4)  la  coa- 
puted  to  be  0.26  va.  0.26  in  Helalng.  Thia  la  reaark- 
ably  good  agreeaent  given  the  diff'cultles  of  aeaaur* 
lng  relative  x-ray  intensity. 
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Th#  llneshape  data  is  Interesting  theoretically 
but  1*  of  practical  Interest  primarily  In  deteralning 
the  Intensity  ol  possible  x-ray  reflection  intensi¬ 
ties. 

The  offset  fro*  the  computed  Iragg  angle  (Eq.  11 
as  shown  on  these  figures  is  not  of  such  practical 
Interest,  as  it  is  usually  Bashed  by  variations  in  the 
atostc  lattice  constant*  vhlch  can  vary  several  to 
•any  parts  per  aitlion  froa  growth  batch  to  growth 
batch,  or  even  froa  piece  to  piece,  especially  In 
natural  notarial.  It  however  becoaes  significant  if 
one  is  atteapting  to  obtain  extreaely  precise  x-ray 
aeasureaenta  or  alignaent. 


Ks  Doublft 

In  aost  practical  applications  of  x-ray  reflec¬ 
tion  froa  the  quarts  diffraction  planes  the  choice  of 
the  Ks  peak  poses  a  problea  in  that  this  peak  Is  a 
doublet  as  shown  in  Figure  7.  (3) 

When  this  doublet  is  used  to  reflect  energy  off 
of  an  atonic  plane  as  shown  In  Figure  d,  the  detected 
x-ray  energy  shows  a  double  peaked  response  corres¬ 
ponding  to  the  different  Iragg  angles  for  the  two  x- 
ray  lines.  The  angular  separation  for  the  two  peaks 
Is  given  bys  U) 

dd  *  tan  d  dX/X  (2) 

Thus,  given  a  wavelength  difference  of  0.00341,  the 
angular  separation  after  one  reflection  is  froa  2  to 
10  ainutes  of  are  given  a  practical  range  of  froa  10* 
to  30*  for  the  Iragg  angle. 

This  points  to  two  aelhoda  of  elialnatlng  the 
difficulties  associated  with  the  Ka  doublet.  Cither 
sake  the  angular  separation  so  aaall  that  It  cannot 
cause  any  confusion,  or,  sake  It  so  large  that  it  is 
easy  to  distinguish  one  peak  froa  another.  Both 
alternatives  will  be  discussed  further  in  later 
sections. 


ll,  SINGLE  BEAM  X-RAY  JlACHIKES 


Single  Crystal  X-Ray  Diffraction  Systea 

This  Is  the  slaplest  fora  of  x-ray  systea,  con¬ 
sisting  of  a  power  supply,  x-ray  tube,  coll lasting 
slits,  a  nickel  filter,  a  holder  for  the  crystal  being 
aeasured,  a  gonioaeter  head  for  aeasurlng  the  reflec¬ 
tion  angles,  and  a  suitable  x-ray  detector.  Such  a 
systea  la  shown  in  Figure  9.  (51 

Accuracy  of  this  type  of  systea  Is  governed  by 
the  allowable  slit  widths,  the  x-ray  Intensity  avail¬ 
able,  the  path  length  froa  the  source  to  the  crystal 
blank,  and  the  resolution  of  the  gonioaeter.  Vlth 
care,  aeasureaenta  to  about  5  ainutes  of  arc  are  pos¬ 
sible,  but  rarely  achieved  In  practice.  The  Ka  doub¬ 
let  is  usually  not  resolvable  In  such  a  systea. 


Dual  Crystal,  X-Ray.  Diffraction  Systeas 

In  this  systea,  (61  an  additional  crystal,  usu¬ 
ally  called  the  reference  or  colliaating  crystal,  Is 
aounted  such  that  it  provides  a  highly  directional, 
aonochroaatlc  x-ray  beaa.  Such  a  systea  Is  shovn  In 
Figure  10.  The  radiation  froa  the  x-ray  tube  is 
directed  at  the  surface  of  the  colliaat/.ig  crystal. 


Only  that  energy  vhlch  satisfies  the  Iragg  condition 
sill  be  reflected  froa  the  crystal  and  directed 
towards  the  blank  to  be  aeasured.  The  colliaating 
crystal  is  usually  aounted  to  reflect  the  copper  Ka, 
x-ray  line.  This  configuration  has  beeoae  the 
accepted  practice  In  the  quartx  industry. 

In  this  Banner,  no  colliaating  silts  or  filters 
are  needed.  Although  energy  la  lost  at  the  colliaa¬ 
ting  crystal,  substantial  gain  is  aade  in  resolution, 
kith  a  proper  gonioaeter  head  for  aeasurlng  angles, 
accuracies  approaching  5  seconds  of  arc  are  possible. 
While  further  resolution  and  accuracy  la  available  in 
aeasurlng  heads,  the  natural  linevldth  as  shown  above, 
and  uncertainly  in  lattice  constants  place  a  liatt  on 
the  actual  orientation  accuracy  that  can  be  achieved. 


Choice  of  Colliaating, Crystal*  *  Kith  accura¬ 
cies  approaching  5  arc-seconds  and  resolution 
approaching  1  arc-second,  the  Ka  doublet  la  easily 
resolved.  Therefore,  the  choice  of  a  colliaating 
crystal  becoaes  iaportant. 

The  effect  of  the  doublet  can  be  alternated  by 
aaklng  the  angular  separation  so  aaall  between  the  two 
peaks  of  the  doublet  that  the  x-ray  systea  cannot 
resolve  the  peaks.  If  the  colliaating  crystal  plane 
Is  exactly  the  sane  as  In  the  crystal  being  aeasured, 
then  the  situation  as  shown  in  Figure  11  occurs.  When 
the  corresponding  atonic  planes  In  the  colliaating  and 
aeasured  crystal  are  exactly  parallel,  reflections  at 
different  wavelengths  occur  aiaultaneously  and  no 
separation  of  the  doublet  Is  apparent.  (41 

Another  possible  aethod  Is  to  sake  the  separa¬ 
tion  large  enough  so  that  the  resolution  of  the  systea 
can  easily  identify  the  difference  between  the  two 
peaks.  As  shown  previously,  choosing  an  aioalc  plane 
for  the  colliaating  crystal  that  has  a  Iragg  angle 
that  Is  large  when  coapared  with  the  aeasured  crystal 
plane  Iragg  angle  will  result  In  angular  separation 
approaching  10  arc-alnutes.  As  the  two  peaks  also 
differ  significantly  In  aaplltude.  Identification  of 
the  Ks,  peak  Is  usually  quite  staple. 

A  third  aethod  Is  to  slaply  ignore  the  doublet 
and  train  the  x-ray  operators  in  aethods  that  ellal- 
nate  any  such  problea.  Such  an  approach  is  used  in  at 
least  three  crystal  facilities. 

The  third  aethod  Is  also  of  soae  practical 
lwportance  as  the  new  doubly-rotated  cuts,  such  as  the 
SC-cut,  pose  a  special  problea.  A  single  aeasureaent 
using  one  atonic  plane  is  no  longer  sufficient.  At 
least  two  aeasureaents  using  two  atoxic  planes  are 
required.  Routine  aeasureaenta  which  require  watching 
atoxic  planes  as  in  the  first  aethod  above,  require 
either  two  x-ray  systeas,  or  a  change  of  the  colliaat¬ 
ing  crystal.  Given  further  the  difficulties  of  aount- 
lng  the  crystal  to  be  aeasured  accurately  and  repeat¬ 
edly,  and  the  additional  alignaent  probleas  vlth  a 
change  of  colliaating  crystal,  aethods  vhlch  are 
developed  to  aeasure  a  crystal  blank  orientation  with¬ 
out  worrying  about  the  Ka  doublet  lead  to  significant 
productivity  laproveaenta. 

Rocking,  Curves  -  Vlth  advances  in  autosatlon 
and  coaputer  systeas,  it  becoaes  possible  to  further 
enhance  x-ray  resolution  and  accuracy  by  providing  a 
controlled  angular  rotation,  or  'rocking*  aotlon  of 
the  crystal  being  aeasured.  Dlagraas  of  possible  sys- 
teas  for  the  AT-cut  and  SC-cut  are  shown  in  Figures  12 
and  13  respectively.  For  the  systea  shovn  in  Figure 
13,  actual  rocking  curves  for  the  tvo  orthogonal  posi¬ 
tions  are  shovn  in  Figures  14  and  15. 
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The  virtu*  of  thea*  ayatea*  to  that  the  x-ray 
Intensity  data  and  petition  data  of  th*  cryatal  being 
•eaavred  can  b*  taken  alaultaneoualy  end  th*  peak  of 
th*  intensity  curve  calculated  through  advanced  algo* 
rlthalc  technique#  to  provide  a  aor*  accurat*  aeaaure- 
•*nt  of  th*  r*fl»ctlon  angle*  than  that  vhlch  la 
po«*ifal»  for  a  hu*an  operator. 


Tal  Error  *  A  aor*  #*rlou*  ar*a  for  conald*ra* 
lien  la  th*  poaalbl*  *rror  that  aria**  h*cau«*  of 
blank  ul«»Ugn**nt  during  a**aur*a*nt. 

In  every  can*  of  practical  tnt*r*at  in  th* 
••king  of  quarts  resonator*.  th*  atoalc  plan**  ua«d  in 
x-ray  r«fl*ctlon  do  not  corraapond  with  th*  surface 
t«lng  a«aaur«d.  Thu a,  aa  th*  blank  b«lng  a*aaur*d  la 
rotated  about  lta  aurlac*  noraal,  th*  actual  gonlow 
l*r  angl*  a*a*ur*d  warl*a  aa  ahovn  in  Pigur*  16.  Th* 
•ngl*  i  ahovn  la  th*  angle  b«i«**n  th*  aurfac* 
noraal  and  th*  noraal  to  th*  atoalc  plan*  uaed.  Thu* 
th*  goniometer  tra c*«  a  curve  about  0  *  S. 

Th*  angle  b«t«**n  th*  atonic  plan*  ua*d  and  th* 
aurfac*  of  a*v*ral  atandard  cryatal  cuta  la  ahovn  In 
Table  2.  Aa  can  b*  a**n,  th*  angl*  varies  fro*  about 
3*  to  about  16*.  In  practice,  anglaa  up  to  about  23* 
can  b«  ua«d. 


CUT 

PLANE 

AHCLE  Deg) 

01.1 

2,95 

AT 

03.2 

7.57 

12.2 

16.62 

10.1 

6.78 

BT 

20.3 

4.73 

21.3 

14.22 

12.2 

4.12 

SC 

12.3 

7.97 

11.2 

10.33 

11.1 

11.95 

Table  2.  Angl*  b«tv«*n  th*  atoalc  plan*  Indicated  and 
th*  aurfac*  of  coaaon  quarts  cryatal  cuta 


Th*  optlaua  point*  for  a*aaurlng  a  cryatal  are 
at  th*  *xtr*a*  paint*  of  Figure  16,  1.*.,  at  lta  aint- 
aua  or  lta  aaxlaua.  Practical  consideration*,  espe¬ 
cially  vhen  using  a  colllaatlng  cryatal  plan*  which  la 
not  th*  aaa*  aa  the  plan*  being  aeaaured,  indicates 
that  th*  alnlaua  of  the  curve  la  preferred. 

In  virtually  every  single  b*aa  ayatea,  the  blank 
being  aeaaured  la  oriented  through  the  uae  of  one  or 
aor*  reference  edge*  on  the  blank.  Figure  17  indi¬ 
cates  that  to  obtain  an  orientation  accuracy  of  S  arc- 
ae condo  or  better  lapliea  that  the  allowable  edge  ori¬ 
entation  error  la  one  degree  or  leas.  This  la  usually 
not  a  problea  In  AT  or  BT  blanks  cut  froc  veil  ori¬ 
ented  cultured  aaterlal,  but  can  be  serious  In  doubly- 
rotated  blonks  or  blanks  poorly  cut  froa  natural 
aaterlal. 


M.  nUUIPU  SCAB  X-SAV  BACHIXCS 

Although  far  aor*  coapltcated  than  a  single  b*aa 
x-ray  ayatea,  and  h*ne*  aleo  not  v*ry  versatile,  aul- 
tlpl*  b*a*  x-ray  syateae  have  b**n  in  production  us* 
for  nearly  20  years. 

These  ayate*a  have  th*ir  start  in  th*  realisa¬ 
tion  thati 

*A  coaplet*  d*teraination  of  th*  er¬ 
ror*  in  a  quarts  plat*  includes  th*  eea*urea«ni 
of  angle  *r rora  about  thre*  autually  perpendicu¬ 
lar  axes  such  aa,  for  exaaple,  the  plat*  edges. 
Therefor*,  m  correcting  a  plat*  v*  aust  u«* 
three  dlff*r*nt  x-ray  ‘ahota's  usually  t«o  on 
tr*  aajor  aurfsc*  with  the  plat*  rotated  90* 
between  th*  two  *ahota*  and  a  third  on  a  aurfac* 
noraal  to  th*  aajor  aurfac*.  co«*only  called  an 
*dg*.  • 

W.L.  land 

C.J.  Araatreng  I V | 


In  practice,  obtaining  ivo  *ehota*  90*  apart  on 
the  aajor  surface  i«  quite  difficult  without  going  10 
extreaea  in  correcting  for  all  of  the  error*  which  can 
aria*  vhen  not  at  the  alnlaua  (or  aaviaual  of  Figure 
16. 

For  any  of  th*  acat  coaaonly  ua*d  cryatal  cuta, 
AT,  IT,  or  SC,  of  all  th*  u#*ful  plan**  sufficiently 
parallel  to  th*  aurfae*  of  th*  cut  to  ainiais*  *aat  of 
th*  known  source*  of  error,  non#  fora  th*  required  90* 
relationship  with  the  idealised  cut  vhen  viewed  on  a 
at*r*ographlc  projection  111.  Kany  are  close.  Tor 
exaaple,  th*  03*2  plan*  and  th*  12'2  plan*  for  th*  AT 
cut. 

Even  aor*  difficult  la  aatlafylng  the  final 
requlr*aent,  a  *ahot*  at  the  blank  edge.  This  condi¬ 
tion  can  be  aatlafled  by  finding  an  atoalc  plane  vhlch 
la  not  nearly  parallel  to  the  deeired  aurface,  but  la 
alaoat  perpendicular  to  th*  d*tlr*d  aurfac*.  Planes 
exist  lying  within  3*  of  b*lng  perpendicular  to  all  of 
th*  aajor  cut*.  All  lny*stlgat*d  hav*  useful  x-ray 
reflection  intensity. 

Th*  perpendicular  plan*  is  u**d  prlsarlly  to 
•atabliah  th*  correct  'pal*  rotation  of  th*  blank. 

Thl*  greatly  alnlals**  th*  pal  errors  on  th*  oth*r  two 
atoalc  planet  as  discussed  above.  Aleo,  aa  discussed 
above,  not  *xtr*a*  accuracy  la  required  in  th*  align- 
a«nt  or  d«t*ralnatlon  of  th*  actual  x-ray  peak  posi¬ 
tion.  Accuracies  on  th*  order  of  0.3  d*gr**a  of  rota¬ 
tion  ar*  usually  sufficient. 

By  the  proper  d*t*ralnation  of  a  ael  of  planes 
which  meet  th*  above  r*quir*a«nta,  it  la  possible  to 
construct  a  ayatea  which  can  be  uatd  to  either  aeaaur* 
or  to  angle-correct  a  quart:  blank.  Such  a  ayatea, 
designed  for  angle-correcting  SC-cut  blanks,  la  ahovn 
In  Figure  IB.  It  is  unique  In  Its  us*  of  only  two  x- 
ray  sources  to  generate  the  necessary  3  x-ray  betas. 
This  systes  has  been  functional  for  nearly  a  decade 
and  repeatedly  angle-correcta  blanks  to  a  total  2- 
algai  scatter  of  less  than  S  arc-seconds.  (81 

Drawbacks  to  aultiple  beat  syateas  are  their 
complexity,  coat,  and  lack  of  versatility.  The  SC-cut 
ayatea  ahovn  in  Figure  IB  1b  Halted  by  lta  internal 
construction  to  operation  within  30  arc-ainulea  of  the 
original  TTC-cut.  Changing  to  another  cryatal  cut 
requires  an  entirely  new  machine.  Indeed,  the  one 
ahovn  got  Its  start  alaoat  2  decades  sgo  as  an  AT-cut 
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■•chin*,  then  «ai  completely  redesigned  and  rebuilt  In 
Ua  preaent  fora. 


IV.  .  AFPtlCATl.ORS 


Sorting 

Thia  la  tha  »o«t  coaaon  usage  of  x-ray 
tion  ayattaa  in  crystal  production  today.  Although 
agch  precision  can  ba  obtalnad  In  tha  saving  opera- 
tlona  that  yiald  quart:  blanks,  in  tha  final  analysis, 
aoat  cryatal  oparatlona  dapand  upon  aorting  cryatal 
blanka  to  aoaa  fora  of  apacif icatlon.  Thia  usually 

takas  tha  fora  of  x*ray  gonioaatar  raadinga.  With  a 
knovladga  of  oparatlng  taaparatura  vs.  oriantatlon 
angla,  this  la  usually  aufflclant  to  obtain  cryatal 
blanks  vlth  tha  proper  performance.  Thia  la  aapa* 

cully  trua  for  tha  AT-cut, 

Recent  advancaa  includa  autoaatlon,  aortara,  and 
autohandlara,  all  undar  coaputar  control.  (9,  10,  11, 
121 

Incorporation  of  rocking  curva  calculations  a* 
discussed  abova  also  laprova  tha  ovarali  accuracy  of 
tha  x-rsy  ayataa. 

In  aavaral  crystal  production  facilities,  a  vary 
Halted  nuaber  of  different  resonator  blanks  are  In 
production.  For  exaaple,  all  units  produced  sight  ba 
required  to  have  turnovers  batvaan  101*  and  10S*  C. 
If  tha  yield  due  to  sorting  la  not  sufficiently  high, 
a  sore  difficult  production  process  say  ba  required. 
Angla  correction  la  a  process  vhereby  tha  actual  our* 
face  of  tha  cryatal  blank  can  ba  changed  slightly  In 
oriantatlon  angla  to  provide  tha  correct  cryatallo* 
graphic  orientation  In  tha  final  blank.  Blanks  can  ba 
produced  In  this  manner  to  an  accuracy  of  i3  arc- 
seconds  vlth  a  yield  ;  .vater  than  99 X. 

In  one  sathod,  tha  cryatal  la  vaunted  on  a  lap¬ 
ping  fixture  vlth  adjustable  dlasond  feat  (aaa  Figure 
191  vhlch  rest  against  a  reference  surface  on  tha  x- 
ray  ayataa  ahovn  In  Figure  20.  Instead  of  actually 
aeaaurlng  tha  surface  oriantatlon,  tha  dlaaond  feat 
are  adjusted  until  tha  cryatal  la  at  tha  desired 
oriantatlon.  Tha  lapping  fixture  vlth  tha  cryatal 
blank  attached  la  placed  on  an  abrasive  lapping 
aachlne.  Ouarts  reaoval  continues  until  tha  dlaaond 
tipped  feat  prevent  any  further  lapping.  Tha  nav, 
lapped,  cryatal  surface  la  nov  at  tha  desired  orienta¬ 
tion. 

In  another  sathod,  tha  cryatal  la  carefully  aea- 
aured  using  a  rocking  curva  ayatas.  Correction  fac¬ 
tors  are  coaputed  based  on  the  aeaaured  x-ray  angles. 
Tha  cryatal  blank  la  than  inserted  Into  a  special  vac- 
uuu  chuck  vhlch  la  adjustable  In  rotation  about  3  per¬ 
pendicular  uxea.  The  correction  factors  are  dialed 
Into  the  chuck  settings,  and  the  surface  of  the  crys¬ 
tal  ground  vlth  a  diamond  vheel  to  tha  correct  crys¬ 
tallographic  orientation. 

Other  sethods  vhlch  depend  epon  aayaaetrlc  sur¬ 
face  daaage,  step  etches,  etc. ,  have  been  tried  but 
have  not  been  incorporated  Into  full-scale  production 
operations. 
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Figure  1.  Orthographic  projection  •  Prlaitlve  region 
in  «-qu*n=. 


Figure  2.  Calculated  llneehepe  *  01*1  plane 


UIHI  W»V(»  kus  tUBXSil 

Figure  3.  Calculated  llneahape  -  01*7  plane 


Figure  4.  Calculated  llneahape  -  02*2  plane 


Figure  5.  Calculated  llneahape  -  00*3  plane 


Figure  14.  Rocking  curve  response  -  SC  cut,  first 
position 


Figure  12.  Rocking  curve  sya te»  -  AT  cut 


Figure  15.  Rocking  curve  response  *  SC  cut,  second 
position 


Figure  13.  Rocking  curve  systen  -  SC  cut 


Figure  16.  X*ray  gonlo»et»r  reflection  angle  v*. 
rotation  of  quart:  blank 
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Figure  17.  Alloeable  edge  orientation  error  aa  a 
function  of  the  Iragg  angle  to  obtain  blank  orlenta* 
lion  etihm  5*  of  arc 


Figure  18.  Multiple  bea«  x-ray  aystea  -  'the  3-headed 
■onster* 
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Figure  19.  Adjuatabl*  Upping  fixture 


Figure  20.  Single  axis  x-ray  eyatea  used  for  angle 
correction. 
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AN  JlP0ATEJ3F_SUBfACE_HQMT_  PACKAGES  FOR  QUARTZ  CRYSTAL  PRODUCTS 


Clifford  Mercer 
Rceves-Hoffnan  Division 
Carlisle,  PA  17013 


Abstract 

In  the  8th  {1986}  Quart!  Devices  Conference  i 
Exhibition  Proceedings,  the  author  reported  on  the 
past,  present  and  future  of  surface  mount  components 
for  quart!  frequency  control  products.  Industry 
standards  for  electronic  coeponents  were  reviewed  for 
possible  application  to  the  quart!  industry.  The 
impact  of  surface  mount  board  processing  on  component 
package  design  was  discussed.  Available  suppliers  of 
surface  mountable  quart!  crystal  products  and  descrip¬ 
tions  of  those  products  were  listed.  Specifications 
for  environmental  testing  of  surface  mount  quart: 
reducts  were  proposed. 

This  paper  concentrates  on  the  availability  of 
surface  mount  quartz  products. 

Introduction 

Approximately  fifty  (50)  manufacturers  of  quart! 
frequency  control  products  were  contacted  to  determine 
whether  or  not  they  offered  for  sale  surface  mount 
crystals,  oscillators  or  filters.  Those  companies 
that  did  were  requested  to  send  sample  packages  and 
product  data  sheets.  Photographs  of  those  devices  are 
presented.  Details  on  package  materials,  construction, 
dimensions  and  applications  are  presented  if  the  infor¬ 
mation  was  made  available  by  the  manufacturers. 

Although  every  effort  was  made  to  accurately  pre¬ 
sent  this  information,  final  package  details  and  prod¬ 
uct  data  should  be  obtained  from  the  respective 
companies.  Their  telephone  numbers  and  addresses  are 
listed. 

Product  Descriptions 


Figure  1.  Ceramic  Packages  from  Statek  Corporation 

Figure  1  is  a  picture  of  two  (2)  miniature  ceramic 
packages  with  glass  covers  hermetically  soft  solder 
sealed.  The  larger  package  measures  .335"x.l60"x.080". 
The  smaller  measures  .275"x.l08"x.075".  In  the  larger 
package  AT  strip  resonators  from  10  to  30  MHz  can  be 
supplied.  Tuning  fork  type  resonators  from  10  KHz  to 
2  MHz  are  available  in  the  smaller  package.  The  larger 
package  can  be  supplied  on  16  mm  tape  while  the  smaller 
package  is  supplied  on  12  mm  tape. Both  are  available  on 
7"  or  13"  reels  as  well  as  in  trays  or  in  bulk.  The 
available  data  sheet  specifies  that  these  parts  will 
withstand  270°C  for  ur  to  30  seconds.  Statek 


recommends  gold  plated  tabs  for  vapor  and  infrared 
reflow  systems  and  nickel -tin  plating  for  wave  solder. 
For  parts  requiring  good  solderabllity  after  a  long 
shelf  life,  a  nickel-tin  plating  plus  a  solder  dip  is 
recommended.  All  are  available  when  requested.  For 
core  details  contact: 

Statek  Corporation 

512  North  Main  St. 

Orange,  CA  92663 
(714)  639-7810 


Figure  2.  LCCC  from  Statek  Corporation 

Figure  2  shows  a  .400"x.400*  LCCC.  With  a  ceramic 
lid  the  package  measures  .090"  in  height.  An  .080" 
high  option  is  available  with  *  metal  lid.  This  is  a 
24-pin  device  with  .050"  lead  centers.  TTL  and  CMOS 
oscillators  from  10  KHz  to  2  Wiz  are  available  in  this 
package.  Statek  advertises  that  this  package  is  suit¬ 
able  for  wave  solder  and  fapor  phase  reflow  systems. 
(Reference  Figure  1  description  for  company  address.) 


Figure  3.  LCCC  from  Oscillatek  Corporation 

Shown  in  Figure  3  is  a  .480"x.480"  40-pin  LCCC. 
The  pins  are  on  .040"  centers.  The  package  measures 
.120"  high.  Oscillatek  advertises  that  TTL  and  CMOS 
oscillators  are  available  in  this  package. 

Oscillatek  Corporation 
620  North  Lindenwood  Drive 
Olathe,  Kansas  66062 
(913)  829-1777 
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Figure  4.  Flatpack  fr<xa  Oscillatek  Corp. 

Figure  4  shows  a  .625"x.625“x.l50"  metal  flatpack. 
The  20  pins  ire  on  .050"  centers.  TTl  end  CKOS 
oscillators  can  be  supplied  In  this  package. 

(Reference  Figure  3  description  for  company  address.) 


Figure  5.  4-Pin  from  CTS  Knights,  Inc. 

Figure  5  is  a  picture  of  a  .500"x.800“,  4-pin 
package.  The  body  height  is  .200".  The  leads  add 
.050"  to  the  overall  height.  The  leads  are  flattened 
and  formed  into  a  gullwing  configuration.  The  package 
is  made  of  cold  rolled  steel  and  is  hermetically 
sealed  by  resistance  welding.  The  leads  are  nickel 
plated  Kovar  for  good  solderability  and  lead  compli¬ 
ance.  Parts  can  be  supplied  on  tape  and  reel.  TTl, 
CKOS,  ECL  clocks  and  TTl  type  VCXO  oscillators  are 
available.  Consult  the  factory  for  details.  CTS 
claims  that  these  parts  will  meet  a  16-hour  solder- 
ability  steam  test.  CTS  also  advertises  that  the 
package  is  suitable  for  wave  solder  and  vapor  phase 
reflow  systems. 

CTS  Knights,  Inc. 

400  Reimann  Avenue 
Sandwich,  11  60548 
(815)  786-8411 


Figure  6.  .500"  Square  4-Pin  from  CTS  Knights,  Inc. 

CTS  Knights,  Inc.  also  supplies  a  .500"  square 
version  (Figure  6)  of  the  package  shown  in  Figure  5. 
TTl  oscillators  from  307  KHz  to  70  KHz  and  1ICM0S 
oscillators  from  4  KHz  to  25  KHz  are  available  in  this 
package.  (Reference  Figure  5  description  for  company 
address.) 


Figure  7.  LCCC  from  CTS  Knights,  Inc. 

CTS  offers  a  .480“  square  ICCC  (Figure  7)  with  40 
leads  on  .040"  centers.  The  package  height  is  .075". 
Not  pictured  but  also  available  are  .650"  square  and 
.450"  square  LCCC  packages.  Consult  the  factory  for 
oscillator  specifications  on  all  three  packages. 
(Reference  Figure  5  description  for  company  address.) 


M-TRON 

o 


Figure  fl.  0-Pin  Gullwing  Epoxy  Package  from 
M-Tron  Industries,  Inc. 


Figure  9.  8-Pin  Butt  and  J  Lead  Epoxy  Package  from 
H-Tron  Industries,  Inc. 

M-Tron  Industries,  Inc.  offers  a  •500,,x.300"  epoxy 
package  with  gullwing  leads  (Figure  8)  and  butt  or  J 
leads  (Figure  9).  All  three  (3)  package  bodies  are 
.160"  in  height.  Total  package  height  with  leads  is 
approximately  .210".  Ilermeticity  is  achieved  by  encap¬ 
sulating  a  metal  hermetically  scaled  package  in  epoxy. 
AT  strip  resonators  are  used.  Frequencies  between  4  to 
24  MHz  can  be  supplied.  M-Tron  advertises  that  this 
package  is  suitable  for  all  solder  reflow  systems. 
Consult  the  M-Tron  product  data  sheet  for  solvent 
resistivity  specifications. 

M-Tron  Industries,  Inc. 

100  Douglas  Avenue 
Yankton,  S.O.  57078 
(605)  665-9321 


Figure  10.  TO  Header  from  Piezo  Crystal  Company 

Piezo  Crystal  Company  has  just  developed  an  HC-37/U 
size  header  for  the  high  reliability  crystal  market 
(Figure  10).  The  package  measures  .510"  in  diameter 
and  .200"  in  height.  The  package  is  gold  plated. 

Piezo  claims  helium  leak  rates  better  than  1  x  10*10 
atm  cc/sec.  Parts  arc  coldweld  scaled.  Unique 
features  include  wraparound  contact  pads  for  easier 
solder  Joint  inspection  and  a  notched  glass  base  for 
auto  placement  orientation. 

Piezo  Crystal  Company 
P.  0.  Box  619 
Carlisle,  PA  17013 
(717)  249-2151 


Figure  11.  Ceramic  Package  from  Motorola,  Inc. 

Motorola,  Inc.  offers  a  4-leaded  ceramic  hermetic¬ 
ally  sealed  package  which  measures  .560"X.370“.  The 
sample  pictured  in  Figure  11  and  Figure  12  incorporates 
the  optional  J  lead  with  an  overall  height  of  .155". 

The  standard  product  (not  shown)  comes  with  a  C  lead 
and  overall  height  of  .125".  leads  are  copper  pre¬ 
tinned  with  solder.  Parts  can  be  supplied  on  24  mm 
tape  in  either  7"  or  13“  reels  or  in  tubes.  CMOS  and 
TTL  clocks  between  1.25  to  35  MHz  using  AT  strip 
resonators  can  be  supplied  in  this  package.  The  very 
complete  product  data  sheet  states  thermal  shock, 
vibration,  mechanical  shock  and  temperature  cycle 
environmental  test  conditions  this  product  will  pass. 
Pad  geometries,  land  patterns  and  solder  paste  screen¬ 
ing  specifications  are  also  listed.  Motorola  states 
this  part  is  suitable  for  vapor  phase  and  wave  solder 
applications. 
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Figure  12.  J-Lcad  Oettils  of  Motorola  Package 

Motorola,  Inc.  Components  Oiv. 

2553  N.  Edgington  St. 

Franklin  Park,  II  60131 
(314)  451-1000 
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Fig.  13.  Plastic  Package  from  Std.  Conmunication  Corp. 

Figure  13  shows  a  top  and  bottom  view  of  a  plastic 
package  measuring  .510"x.200".  Four  (4)  leads  are 
bent  in  a  C  configuration.  A  hermetically  scaled  AT 
strip  resonator  in  a  3  x  8  era  metal  package  is  encap¬ 
sulated  in  the  plastic  as  shown  in  Figure  14.  The 
frequency  range  available  is  4  to  20  MHz. 


Figure  15.  HC-49/U  Style  Holders  from  Valpcy-Fishcr 
Corporation 


Figure  16.  Short,  Leadless  HC-49/U  Style  Holder  from 
Valpey-Fishcr  Corporation 

Valpey-Fisher  Corporation  offers  a  standard  HC-49/U 
package  with  forced  leads  for  surface  mount.  A  third 
lead  is  attached  to  the  top  of  the  crystal  cover  as 
shown  in  Figure  15.  A  short  version  (.200"  maximum 
height)  is  shown  in  Figure  16.  This  has  been  mounted 
on  a  printed  circuit  board  for  lcadless  surface  mount 
applications. 
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Fig. 14. Cross  Section  of  the  Std.  Comm. Plastics  Package 

Standard  Communications  Corp. 

P.  0.  Box  92151 
Los  Angeles,  CA  90009 
(213)  532-5300 


Figure  17.  4-Pin  Header  from  Valpey-Fisher  Corp. 

The  4-pin  header  in  Figure  17  measures  .800"x.500'' 
and  has  the  leads  formed  into  a  gullwing  configuration. 
Unlike  the  CTS  part  (Figure  5),  the  leads  of  the 
Valpey-Fisher  package  are  not  flattened. 
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Valpey-Fisher  Corporation 
75  South  Street 
Hopkinton,  HA  01740 
(617)  435-5231 


Figure  18.  Ceramic  Package  from  Standard  Crystal  Corp. 

The  package  in  Figure  18  consists  of  an  all  ceram¬ 
ic  base  ami  cover.  It  measures  .400"x.250"x.070".  AT 
resonators  froa  4  KHz  to  200  KHz  can  be  supplied  in 
this  package.  Hot  shown  arc  two  gold  fired  contact 
pads  on  the  underside  of  the  holder. 

Standard  Crystal  Corp. 

9940  Baldwin  Place 
Cl  Honte,  CA  91731 
(818)  443-2121 


Fig.  19.  Ceranic  Flatpack  fron  McCoy  Electronics  Co. 

The  ceranic  flatpack  in  Figure  19  neasures  .600"x 
.400-X.100"  high.  The  twenty  (20)  leads  are  on  .050- 
centers.  In  this  package  McCoy  offers  clock  oscilla¬ 
tors  fron  14  to  60  MHz,  crystals  from  10  to  300  MHz 
and  filters  fron  10  to  30  MHz. 

McCoy  Electronics  Conpany 
100  Watts  Street 
P.  0.  Box  0 

Mount  Holly  Springs,  PA  17065 
(717)  486-3411 


Figure  20.  LCCC's  fron  McCoy  Electronics  Company 

The  LCCC  on  the  left,  Figure  20,  neasures  .480- 
square  by  .005*  and  has  40  pins  on  .040"  centers. 

Clock  oscillators  fron  10  to  100  MHz,  crystals  froa 
10  to  300  MHz  and  filters  fron  10  to  30  KHz  are  avail¬ 
able.  The  package  on  the  right  in  Figure  20  neasures 
,650-  square  by  .005"  high.  It  is  a  40-pin  device  on 
.050  centers.  McCoy  advertises  TTt  clocks  froa  1  to 
100  KHz  in  this  package.  (Reference  Figure  19 
description  for  company  address.) 


Figure  21.  LCCC’s  fron  Spectrum  Technology,  Inc. 

The  package  on  the  left  in  Figure  21  neasures 
.650"  square  by  .085"  high.  It  lies  44  pins  on  .050- 
centers.  Spectrum  Technology  advertises  this  package 
for  MIL-0-55310/20  oscillators. 

The  package  In  the  center  of  Figure  21  measures 
.560-  square  by  .105“  high.  It  has  48  pins  on  .040" 
centers. 

The  package  on  the  right  in  Figure  21  measures 
.480"  square  by  .085"  high.  It  has  40  pins  on  .040- 
centers.  Spectrum  Technology  uses  this  package  for 
MIL-0-55310/19  oscillators. 

Spectrum  Technology,  Inc. 

P.  0.  Box  948 
Goleta,  CA  93116 
(805)  964-7791 
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Figure  22.  Hetal  Flatpacks  from  Spectrum  Technology 

The  four  flatpacks  in  Figure  22  range  from  1.0Q“x 
•500"x.200“  (left),  ,625’'  square  x  .120"  (2nd  from 
left),  .375x.S00"x.l20"  (2nd  from  right)  to  .250"* .375" 
x-060"  (right).  All  leads  arc  on  .050  centers.  TTl 
and  CKOS  oscillators  arc  available  in  all  packages. 

The  .625"  square  package  is  used  primarily  for  Hll-0- 
55310/21  oscillators.  Consult  the  factory  for  applica¬ 
tion  details.  (Reference  Figure  21  description  for 
company  address.) 


MURATA  ERIE 


Figure  23.  4-Pin  Header  from  Kurata-Erie  North  America 

The  4-pin  from  I  irata  Erie  measures  .500Hx.800". 

The  body  package  height  is  .185",  not  counting  the 
leads.  The  leads  are  flattened  end  formed  into  a  gull¬ 
wing  configuration.  TTL  and  CMOS  oscillators  are 
available  In  this  package. 

Kurata  Erie  North  America 
Carlisle  Division 
453  Lincoln  St. 

P.  0.  Box  B 
Carlisle,  PA  17013 
(717)  249-2232 


Figure  24.  HC-49/U  Type  Headers  from  Kurata  Erie 
North  America 

The  HC-49/U  type  headers  in  Figure  24  arc  supplied 
by  KureU  Erie  with  formed  leads  for  surface  mount 
applications.  A  third  lead  is  optional  if  a  chip 
component  is  not  used  for  the  third  support.  (Refer¬ 
ence  Figure  23  description  for  company  address.) 


Figure  25.  Tubular  Ceramic  Package  f'oa  Kurata-Erie 
North  America 


Fig.  26.  Plastic  Packages  froa  Kurata  Erie  N.  America 

The  ceramic  tube  shown  in  Figure  25  is  presently 
used  by  Kurata  Erie  to  package  ceramic  resonators.  It 
measures  .275"  long  by  .110“  in  diameter.  The  plastic 
packages  shown  in  Figure  25  measure  .315"  square  by 
.140"  high  and  is  also  presently  used  to  house 
ceramic  resonators.  (Reference  Figure  23  description 
for  company  address.) 
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Figure  27.  4-Pln  Package  from  fiecvcs-ltoffean  Division 

The  package  supplied  by  Reevcs-Hoffman  Olv.  and 
shown  In  Figure  27  measures  .500“  square.  Total  height 
Including  leads  Is  .265”.  The  leads  are  flattened  and 
forced  Into  a  gullwing  configuration.  Qase  material  is 
cold  rolled  steel.  The  leads  are  kovar.  Parts  arc 
hermetically  sealed  with  a  resistance  weld  process. 
Nickel  plating  is  used  to  improve  corrosion  resistance. 
Crystals  from  4  to  200  Kit:  are  supplied  in  this 
package. 

Reevcs-Hoffman  Division 
400  V.  North  St. 

Carlisle,  PA  17013 
(717)  243-5929 


Figure  28.  Butt  Lead  Packages  froa  Reeves-Hoffnan 
Division 

Butt  lead  packages  are  available  from  Reeves- 
lloffnan  Div.  in  both  the  HC-37/U  style  and  14-pin  DIP 
style  packages  as  shown  in  Figure  28.  The  leads  on 
both  packages  measure  .017"  in  diameter  with  a  .040" 
head.  The  standard  lead  length  is  .050".  leads  are 
made  of  alloy  52  to  improve  conpliance.  Base  material 
is  cold  rolled  steel.  Excellent  coplanarity  results 
with  this  unique  design,  The  round  header  is  .510"  in 
diameter  and  .230"  high  including  leads.  Crystals 
from  4  to  200  KHz  can  be  supplied  In  this  package. 

The  rectangular  package  (Figure  28)  measures  .800"x 
.500"  and  can  be  supplied  with  up  to  14  leads.  CKOS, 
TTL,  ECL  (10K)  and  ECL  (100K)  clocks  and  TTL  VCXO's 
are  supplied  in  the  rectangular  package.  Consult  the 
factory  for  details.  (Reference  Figure  27  description 
for  company  address.) 


Figure  29.  Metal  Flatpacks  from  Reoves-Hoffman  Div. 

Figure  29  Illustrates  a  sample  of  more  than 
twenty  (20)  different  metal  flatpacks  available  from 
Reeves-Hoffman  Oiv.  Consult  the  factory  for  package 
dimensions.  (Reference  Figure  27  description  for 
company  address.) 

Additional  Sources  of  Surface_Kount_Cogponcnts 

The  following  companies  also  offer  surface  mount 
quartz  frequency  control  products.  In  each  case,  the 
manufacturer  should  be  contacted  for  details. 


Ceapany 

Packages 

Midland  Ross  Corporation 

357  Belort  St. 

Burlington,  W!  531C5 
(414)  763-3591 

Modified  HC-18/U  and 
HC-33/U  Packages 

Monitor  Products  Co.,  Inc. 
502  Via  del  Monte 

Oceanside,  CA  92054 
(619)  433-4510 

Hodified  HC-49/U 
.500“  x  .BOO"  Gullwing 
4-Pin 

Bliley  Electric  Co. 

2545  W.  Grandview  Blvd. 
Erie,  PA  16506 
(814)  838-3571 

.520  Square  Gullwing 
4-Pin,  Modified  IIC-18/U 

Connor-Winfield  Corp. 

114  West  Washington 

P.  0.  Box  L 

West  Chicago,  IL  60185 
(312)  231-5270 

.500"  x  .800"  Gullwing 
4-Pin 

Dale  Electronics 

1155  W.  23rd  St. 

Tempo,  AZ  85282 
(602)  967-7874 

.500"  x  .800"  Gullwing 
4-Pin,  .480"  Square  LCCC 

Hughes  Aircraft  Co. 

500  Superior  Avenue 

Newport  Beach,  CA  92663 
(714)  759-2430 

Ketal  Flatpacks, 

Custom  Ceramic 

Q-Tech  Corporation 

2201  Carmel ina  Ave. 

Los  Angeles,  CA  90064 
(213)  820-4921 

.625"  Square  and  .500"  x 
.375  Flatpacks,  .650“ 
Square  and  .480"  Square 
LCCC's 

Saronix 

4010  Transport  St. 

Palo  Alto,  CA  94303 
(415)  856-6900 

Leadless  .200"x.500“ 
Plastic  Package,  .160“x 
.335“  Leadless  Ceramic 
Package 

Company 

Sokol  Crystal  Products 
121  Water  St. 

P.  0.  Box  249 
Mineral  Point,  Mi  S3S65 
(608)  987-3363 

Daiwa  Crystal  Corp. 

3838  Carlson  St. 

Sutie  301 

Torrance,  CA  90503 

Vectron  Laboratories,  Inc 
166  Clover  Ave. 

Norwalk,  CT  063S0 
(203)  853-4433 


Packages 
Various  LCCC'S 


Short  IIC-49/U,  .200"  x 
.400“  Lcadless  Plastic, 
.181"  x  .417“  Class 


Various  Flatpacks,  .500 
x  .800“  Gullwing  4-Pin 


Surface  Mount  Packagejtegistrat  ion 

Companies  interested  in  registering  tbair  surface 
mount  packages  for  the  purposes  of  eventual  standardi¬ 
zation  should  request  information  from: 

P-4  Cocmittee  on  Hechanical  Outlines 
c/o  Electronics  Industry  Association 
Engineering  Dcpartme-t 
2001  Eye  Street,  N.W. 

Washington,  O.C.  20006 


The  following  chain  of  events  is  required  before  a 

csepsnent  can  be  registered: 

a)  Formnl  Request  to  EIA 

b)  EIA  Approval  to  Ballot 

c)  P-4  Committee  Ballots 

d)  P-4  Committee  Hakes  Reccwnendatiqn 

e)  EIA  Parts  Panel  Chairman  Acts  on  Recommendation 

f)  Final  Orawings  Are  Requested 

g)  EIA  Publishes  Registered  Component 


The  author  would  like  to  thank  all  of  those  compa¬ 
nies  that  allowed  photographs  of  their  products  to  be 
shared  with  the  Industry.  Mithout  their  cooperation, 
this  report  would  not  have  been  possible. 
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Abstract 


NonllnearUles  are  at  the  origin  of  most  of  the  insta¬ 
bilities  of  resonators  anti  oscillators,  and  a  large 
effort  during  the  two  last  decades  was  achieved  to 
reduce  their  effects.  At  the  opposite  they  can  lie  used 
In  some  applications  like  sensors  or  signal  proces¬ 
sing.  Ihe  paper  Introduces  the  different  nonlinear 
fundamental  constants  which  can  lie  encountered  In  a 
crystal  In  relation  with  Ita  elastic,  piezoelectric, 
dielectric,  optic,  properties.  Ihe  knowledge  of  these 
different  constants  and  the  confidence  one  can  have  la 
commented.  Ihe  unknown  conalanta  and  the  need  of  mea¬ 
suring  boom  of  them  Is  also  indicated.  The  influence 
of  theae  constants  on  the  behavior  of  resonators  and 
other  devices  is  presented. 


Introduction 


The  properties  of  acoustic  waves  and  therefore  the 
characteristics  of  resonators  ond  other  piezoelectric 
devices  can  be  Influenced  by  Internal  or  external 
parameters  on  account  of  the  nonlinear  properties  of 
the  crystal.  These  iwnllnearlties  are  at  the  origin  of 
harmonic  generation,  amplltude-frequency/velocity 
affect,  Inler&’adulntion,  in  case  of  interactions  bet¬ 
ween  waves,  end  of  the  sensitivities  to  various  physi¬ 
cal  quantities,  like  temperature,  forces,  accelera¬ 
tions,  pressures,  electric  fields,  ...  when  the  acous¬ 
tic  wave  Is  propagating  In  a  nwdlum  with  n  bins.  It 
must  be  remembered,  In  addition,  that  nonllneorltles 
find  their  origin  in  the  enharmonic  nUure  of  the 
interatomic  forces  of  the  crystal,  and  that  well  known 
phenomena  like  ocouotlc  attenuation,  thermal  expan¬ 
sion,  heat  diffusion  result  from  phonon  interact  Iona 
due  to  the  nonlinear  coupling  between  the  lattice 
modes. 

Since  all  theae  different  kinds  of  nonlinear  couplings 
are  In  fact  o  cause  of  instabilities  In  the  piezoelec¬ 
tric  devices,  ond  mainly  In  resonators,  large  efforts 
have  been  made  during  the  two  last  decodes  In  trying 
to  reduce  them.  However  the  description  or  the  non¬ 
linear  behavior  of  the  device  requires  the  knowledge, 
of  not  only  the  regular  second  order  fundamental  cons¬ 
tants  of  the  material,  but  also  of  the  higher  order 
constants  of  the  third  order  and  In  sk-jQ  cases  of  the 
fourth  order. 

At  the  opposite,  nonlincaritics  can  be  used  to  make, 
for  example,  o  resonator  selectively  sensitive  to  a 
given  physical  quantity.  Thus  it  can  be  used  os  a  sen¬ 
sor.  Temperature,  preasure.  acceleration,  etc,  sensors 
have  been  developed  based  on  this  principle.  Nonl.nea- 
ritie3  also  enable  to  achie.e  convolution  products  or 
correlation  function  calculation.  In  those  applica¬ 
tions  the  knowledge  of  nonlinear  constants  also  is 
necessary  for  improving  the  sensitivity  or  the  effi¬ 
ciency. 

This  paper  will  be  related  with  the  phenomena  resul¬ 
ting  mainly  of  elastic  and  piezoelectric  nonlinea¬ 
rities. 


Honi Inear  fundamental  count  tons 
and  nonlinear  fundamental  ronst nnl a 


(t  is  not  Uw  purpose  of  this  paper  to  give  an  exhaus¬ 
tive  presentation  of  the  nonlinear  theory  of  elasti¬ 
city  ami  piezoelectricity.  The  details  of  this  theory 
can  he  found  in  different  papers  of  Murnnghnn,  Toopin, 
Thurston  «xi  Tlerolen.  w  However  it  aee#a  important 
to  describe  the  different  nonlinear  contributions,  nod 
to  recall  that  the  nonlinear  fundamental  constants  are 
not  the  only  cause  of  non  I  meant lea,  and  that  the 
fundamental  equations  have  an  inherent  nonlinear 
nature,  which  cannot  be  neglected. 

Ihe  behavior  of  a  solid  submitted  to  a  finite  deforma¬ 
tion  (and  not  to  an  infinitesimal  one)  is  described  by 
equl librium  and  constitutive  equations,  which  ore  non¬ 
linear.  These  nonlincarlties  are  due  to  tin*  deforma¬ 
tions  themselves,  which  Induce  local  changes  of  the 
specific  mass,  or  the  elementary  surface  areas,  which 
modify  the  direction  of  the  ourfoce  normal  vecloro, 
etc.  As  .1  consequence,  the  internal  stresses  (which 
are  forces  per  unit  surfaces)  cannot  be  proportional 
to  the  strains. 


A  point  or  the  solid  with  coordinates  aj,  when  at  rest 
(initial  state)  comes  to  a  new  poalt locrof  coordinates 
xj  (final  state)  after  a  deformation. 


The  mechanical  equilibrium  is  represented  In  the  final 
state  by  the  equation 


(1) 


where  vj  is  the  1 jstontimcous  velocity  of  the  elemen¬ 
tary  particle  (vj  =  dxi/dt),  p  is  the  qieclfic  mass 
after  deformation,  ondJIjj  represent  the  stresses  In 
the  flnol  stole.  Therefore  it  is  obvious  that  this 
equation  is  nonlinear. 


The  corresponding  boundary  condition,  in  case  of  o 
stress  free  surfocu,  is 

ni  =  O  00  the  ourfoce  (2) 

where  the  roslno  director  nj  of  the  normol  to  the 
surface,  in  the  final  state,  depends  on  the  spatial 
coordinates. 


The  stresses  Ttj  ore  relnt'  '  tu  Ihe  internal  energy  x 
(per  unit  moao)  by  the  constitutive  equotlon 

5x,  ax. 

I  =P_i— J. -  (3) 

J  dok  d0Jt  a\jl 

where  nm  corresponds  to  the  strain  tensor.  This  rela¬ 
tion  also  is  nonlinear,  whatever  the  expression  of  the 
internal  energy  x  con  be. 
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the  strain  tensor  Is  given  ss  a  fonetlon  of  the 
mechanical  displacement  uj  s  *j  -  aj  by  the  relation 


V 


apk  aa^ 


w 


Hie  third  Urn  of  this  relation  is  nonlinear.  it  la 
also  to  be  ml  iced  that  ibis  tensor  is  written  with 
respect  to  the  initial  state  coordinate  syatem. 

Ibis  brief  presentation  was  Halted  for  simplicity  to 
the  (Hire  mechanical  equations,  for  a  piezoelectric 
solid,  electric  equations  are  to  be  added,  which  also 
will  give  additional  ncnlinearlttes. 

These  different  nonllnearitles  were  Introduced  with 
almost  no  assumption  on  the  nature  of  the  solid  (at 
the  exception  of  the  specific  mass). 


Nonlinear  elastic  constants 


He  will  consider  the  simplified  {wire  elastic  case.  The 
different  problems,  which  generally  are  encountered, 
can  lie  classified  into  two  main  families  :  propagation 
of  a  finite  amplitude  wave  In  a  nonlinear  medium,  tint) 
propagation  of  an  infinitesimal  wave  in  a  prestrained 
nonlinear  medium. 

in  the  first  case,  the  previous  equations  (1  to  5 
without  any  electrical  term),  lead  to  the  wave  propa¬ 
gation  equation 


aJuj 

oV 

a  auk 
a^  (as~ 

P°aTr 

'  U“  *  ’ 

a 

*  6ljktmnpq  3^ 

K  %) 

Aa.  Ah  Ah 

UBX  oi,n  03q 

... 

The  peculiar  properties  of  the  solid  are  defined  by 
tlie  expression  of  the  Internal  energy.  If  one  consi¬ 
ders  a  nwdlum  submitted  to  both  mechanical  and  elec¬ 
trical  fields,  respectively  noted  qy  and  Cn  in  the 
initial  stale,  the  development  in  a  power  series  gives 
for  the  internal  energy  per  unit  mass  in  the  initial 
state 

pO*  s  2  Cljk*  nI j  \Jt  *  £  ClJM«i  "ij  nkA  n«*i 

4  2a  C1  Jktwipq  n!  J  \l  \n  Vl  *“ 


■  —  c  C  C  —  —  c  E  E..  E 
2  wO  MU  ft  wop  w  u  p 

2a  mnpq  ‘‘m  Ni  fcp 

“  Cml  j  Cm  nIJ  '  \  Cm.  I  jkJt  Cm  niJ  nkJt 
1 


(5) 


*«<£«• 


order  terms 


cljkX'  clJWmn-  cljkXmnpg  represent  respectively  the 
2nd,  3rd  and  4th  order  elastic  constonta  (the  order 
corresponds  to  Uielr  rank  in  the  enurgy). 
cnn,  and  c^pq  are  the  2nd,  3rd  and  4th  order 
dielectric  constants. 

ewli  are  the  regular  2nd  order  piezoelectric  cons¬ 
tants. 

I’m. nm  and  e^.y  correspondant  to  nonlinear  3rd 
order  piezoconstaula.  They  are  respectively  known  ns 
electroelnstie  and  electrostrlctlve  conslnnta  (these 
last  ones  cnn  exist  even  in  a  nonptezoelectrlc 
medium). 

The  previous  equations  indicate  that  the  behavior  of 
the  solid  will  Involve  Iwo  nonlinear  contributions. 

On  tbs  one  linnd  will  appear  the  3rd  order  constants 
combined  with  the  linear  part  of  the  equations,  and  on 
the  other  bond  the  nonlinear  part  of  the  equations 
combined  with  the  linear  2nd  order  constants.  As  It 
will  bo  shown  further  these  two  contributions  ore  of 
the  some  order  of  magnitude  and  therefore  none  con  be 
neglected. 

In  the  microscopic  model  of  the  vibration  of  chains  of 
atoms,  the  Griineiscn  parameter  is  used  for  describing 
enharmonic  effects  like  acoustic  attenuation  or  ther¬ 
mal  expansion.  5-9  Ihi3  parameter  con  be  related  to 
the  2nd  and  3rd  order  elastic  constants.  0 


Where  Tjjiden  *»*  4ijktmnnq  are  effective  nonlinear 
elastic  constants  of  the  3rd  and  4th  orders.  • 

Yyt-.tMi  *8  a  function  of  the  2nd  and  3rd  order  cons¬ 
tants  (&km  Id  Uks  Kronecker  symbol) 

YijkJt«>  =  J  Cljnt  6km  4  ClnkX  6Jm  *  7  Cljki«*i  (7) 

and  fiymwipq  la  In  addition  function  also  of  tlie  4th 
order  constants 

®1  JkJtmipq  =  7  ClqnX  6kra  6Jp  4  7  CiJkJtqn  V«  ^ 

4  H  Cijqt«i  fikp  4  7  Clqkti*n  6pj  4  J,  ClJkXmnpq 

Therefore  tlie  nonlinear  behavior  of  tlie  wove  la  enti¬ 
rely  defined  by  these  effective  elastic  constants. 

in  the  present  problem  these  nnnlfnearltiea  are  at  the 
origin  of  harmonic  generation,  with  Its  conse¬ 
quences  :  amplitude-frequency  effect'*"*5  and  inter- 
modulollcn.  “‘® 

Amplitude-frequency  effect  results  from  the  inter¬ 
action  between  2nd  and  3rd  harmonics,  which  gives  a 
correcting  term  at  the  fundamental  frequency.  It 
induces  a  change  of  Uie  wave  velocity,  ond  thus  for 
resonators  o  change  or  their  resonance  frequency.  As 
shown  in  fig.  1,  the  resonance  frequency  of  o  quartz 
crystal  resonator  depends  on  Its  driving  level. 


Current  I  (mA) 


Fig.  1 

Amplitude- frequency  ef¬ 
fect  of  o  quartz  crystal 
resonator  due  to  3rd 
and  4th  order  nonlinea- 

rltic3 
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for  t>  one-dimensional  resonator  with  thickness  2h  end 
infinite  lateral  sues,  without  energy  trapping,  tho 
amplitude-frequency  effect  la  represented  by  the 
relation 


-2  U3  s 
Au  a  *  uo  2H_  +  9Aj 

«0  12tlh3  2X3  X 


(*)) 


where  U0  is  the  Mechanical  vibration  amplitude.  X,  r 
and  A  are  the  2nd,  3rd,  and  Ath  order  effective  elas¬ 
tic  constants  for  the  vlhpUon  node  and  the  crystal 
cut  which  are  considered1^ 


X  B  C 
f  s  y 
A  s  6 


ijkl  Nl  AJ  *k 

IJkJtmn  Ni  UX  Nn  AJ  *k  lm 

IJkXmnpq  Ni  NX  Nn  N|  *J  jk  *m  *p 


(10) 


where  the  Nj'a  represent  the  cosine  directors  of  the 
propagation  direction,  defined  by  the  crystal  cut,  and 
the  Xj's  are  tlxs  cosine  directors  of  tlie  mechanical 
polarization  for  the  mode  which  Is  excited. 


This  shows  that  the  amplitude- frequency  effect  depends 
not  only  on  the  2nd  and  3rd  order  fundamental  elastic 
constants,  but  nleo  on  the  Ath  order  ones.  Hits  is  a 
serious  difficulty  for  evaluating  the  amplitude- 
frequency  effect,  from  such  models,  because  the  values 
of  the  Ath  order  fundamental  elastic  constants  are 
almost  completely  unknowns,  ar.d  even  those  of  quartz 
crystal.  The  energy  trapping  an,1  the  resonator  contour 
influence  also  the  A-T  behavior.  Therefore  measure¬ 
ments  performed  on  resonators  give  access  to  effective 
nonlinear  constants.”  which  can  be  nvaluated  by  using 
appropriate  mode In.  ' 8  However  the  dlspuraion  of  thu 
dale,  which  in  observmt,  indicated  the  presence  of 
add l t I onn 1  phenomena. 2 ' 


for  surface  acoustic  wave  resonators  the  problem  to 
different,  because  the  contribution  of  the  Ath  order 
constants  becomes  ncglegible  for  n  propagation  length 
larger  than  the  wave  length.  Therefore  the  Intensity 
of  the  A-f  effect  can  be  calculated,  os  n  function  of 
the  crystal  anisotropy,  i3'-3* 


2uj-wjj,  3m|,  3uj,  2uj*j|,  etc),  which  will  be  located 
also  within  the  bandwidth,  and  therefore  will  not  bo 
filtered.  The  generation  of  these  intermodulation  fre¬ 
quencies  involves  ns  previously  2nd,  3rd,  and  Ath 
order  fundamental  elastic  constants.  “a6  for  the  name 
reason,  intermodulntion  cannot  bo  evaluated  from  the 
models,  but  these  last  ones  can  be  used  to  npproximole 
values  of  some  Atli  order  constants  from  the  Inter- 
modulation  measurements.  This  Ims  lie  done  with  thick¬ 
ness  shear  quartz  resonators35  Involving  the  Cjtxj 
constant,  and  also  for  X-cut  lithium  tontnlate. 

Comparison  between  quartz  and  lithium  lanlalnte  indi¬ 
cates  lower  nonlincarltles  Tor  this  last  one.  Inter- 
modulation  measurements  were  also  achieved  on  quartz 
SAW  resonators  and  delay  lines,  which  confirmed  the 
A-T  renulto.  <59 


The  second  family  of  nonlinear  elastic  problems  cor¬ 
responds  to  tlie  propagation  of  n  small  amplitude  wave 
In  n  prestrolned  medium.  The  theoretical  analysis  is 
simplified  by  considering  that  tlio  wave  lias  no  influ¬ 
ence  on  the  static  deformation.  Only  the  modifications 
of  the  wave  characteristics  by  the  predeformation  are 
considered.  Thin  realistic  hypothesis  enoblcs  to 
linearize  tho  equilibrium  ond  constitutive  equations, 
by  using  n  power  series  development  generally  limited 
at  the  3rd  order  of  nonlinear ities.  »J2 


this  linearization  (eons  to  a  new  wave  equation  which 
can  tie  written 


b 

0ns 


(11) 


where  Aj3^r  are  effective  ulastic  constants,  which 
depend  on  the  otntic  deformation,  through  2nd  and  3rd 
order  elastic  constants. 


Alskr  5  Clskr  *  Hlskr 

Ci^  are  tho  regulnr  2nd  order  conatonta 
npponr  ns  perturbntlng  lerma 


(12) 

and  Hl8i7r" 


Comparison  has  been  made  between  DAW  and  SAW  resona¬ 
tors  ns  shown  In  Table  1.  The  A-r  effect  la  given  in 
term  of  the  k  coefficient  defined  by  the  relation 
Af/f  =  kl3  where  1  la  Urn  Intensity  of  the  current 
through  the  resonator. 


cut 

f  requeney 

Q-foctor 

A-F  coef.  k 

SAW 

resonnt  or 

ST 

110  MHz 

26  000 

1.1  10-3  /A 

DW 

resonator 

AT 

100  Mlz 

63  000 

2.5  10-1  /A 

DW 

resonator 

AT 

5  MHz 

2. 106 

2  10- 1  /A 

Tableau  1 

Comparison  or  the  amplitude- frequency  effect 
of  BAW  and  SAW  quartz  resonators  (from  fief.  1A) 


Intermodulation  corresponds  to  a  mixing  of  frequencies 
when  two  (or  more)  signals  at  different  but  close  fre¬ 
quencies  are  applied  on  a  resonator.  IT  the  two  fre¬ 
quencies,  wj  ond  U2,  ore  within  the  resonator  band¬ 
width  the  cubic  nonlinearities  will  generate  two  fre¬ 
quencies  2ui-e>2  and  2<J2-uj  (among  tlv»  other  ones  like 


_  _  3Uj  euk  _ 

’'lokr  =  ^lk  Tsr  +  CJtskr  ^n”  +  C3aXr  *  Clokruv  Suv 

1  X  (13) 

T3r,  Suv  and  aUj/do^  ore  the  atotic  stresses,  strains 
and  displacement  gradients.  If  these  quonlltics  arc 
homogeneous,  and  do  not  depend  on  the  space  variables, 
the  equilibrium  equation  con  be  directly  solved  after 
replacing  the  regular  2nd  order  constants  by  the 
effective  ones.  If  the  Aigkj.,0  are  functional ly  depen¬ 
dant  on  the  spocu  variables,  o  perturbntion  method  is 
used,  which  gives  directly  the  velocity  or  frequency 
shirts,  i.e.  the  sensitivity  to  the  perturbstion. 

Since  these  problems  involve  only  2nd  and  3rd  order 
fundamental  elostlc  constants,  which  are  known  for 
various  materials,  tlie  models  can  be  usefully  applied 
to  the  determination  of  the  sensitivities  of  resona¬ 
tors  to  different  physical  quantities  like  forces, 
pressures  ond  accelerations.  As  it  will  be  shown  fur¬ 
ther  the  some  procedure  applies  to  problems  involving 
electrical  phenomena  in  piezoelectric  materials. 

As  it  con  be  seen  from  equation  (13)  the  sensitivity 
to  exlernol  perturbations  depends  on  the  crystal  ani¬ 
sotropy.  Therefore  particular  configurations  con  be 
expected  to  minimize  the  sensitivities  when  some  com¬ 
pensation  between  the  different  terms  of  Hjg^j.  occurs. 
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The  problem  or  forcc-acnslUvily  was  extensively  stu¬ 
died.  "57  In  fig.  2  ia  presented  no  example  of  the 
calculated  sensitivities  of  bulk  Mid  surface  wave 
resonators  and  delay  lines  to  external  diametrically 
applied  forces,  which  shows  the  dependence  of  the 
sensitivity  to  the  direction  of  the  force  application. 


30  fill  90  120  190 

Force  naiimillinl  mip.le  (II) 


Tig.  2 

force-aenaitlvity  of  OAW  und  SAW  resonntoro 
and  delay  lines 


Quartz  accelerometers  ore  nloo  in  progress. 7®->9  Out 
they  do  not  uao  the  g-scnsitivity  of  tlie  crystal  reso¬ 
nator,  which  would  be  too  low  for  a  sensor.  The  acce¬ 
leration  field  Is  transformed  into  a  force,  by  means 
of  an  inertial  mass,  which  then  is  applied  to  deform 
the  crystal.  In  Tig.  A  la  shown  mi  example  of  a  SAW 
cantilever  beam  accelerometer  with  Its  main  and  spu¬ 
rious  sensitivities.7® 


fig.  3 

SAW  prunsure  sensor 


Sensitivity  to  hydrostatic  pressure  is  an  indirect 
problem  for  OAW  resonators,  the  crystal  resonator  is 
in  prlnciplo  under  vacuum  in  its  enclosure,  therefore 
there  to  no  direct  effect  of  the  surrounding  gnu  on 
the  vibrating  crystnl.  However  the  gas  pressure  acts 
on  the  enclosure  and  deforms  it.  forces  ore  transmit¬ 
ted  to  the  crystal  by  the  mounting  supports  and  a 
frequency  shifts  occurs  due  to  the  resulting  stresses 
and  strains.  Tor  regular  quartz  resonators  sensitivi¬ 
ties  of  the  order  of  10"?Aiar  are  observed.  With 
appropriate  mounting  this  sensitivity  con  be  reduced 
by  almost  o  factor  10. S3 


Configurations  with  larger  values  of  the  HisVer  coeffi¬ 
cient  pro  also  studied  for  pressure  sensor  applica¬ 
tions.  "6Z  An  example  of  o  SAW  pressure  sensor  is 


shown  in  fig.  3.  This  sensor  is  made  of  a  tlun 
diaphragm  supporting  one  or  two  SAW  delay  lines  or 
resonators  located  at  the  maxima  of  sensitivity  on  the 
substrate. 


Acceleration  sensitivity  rcmotrB  one  of  the  most 
important  problems.  Under  an  acceleration  field  the 
quartz  crystal  is  submitted  to  a  system  of  body  forces 
duo  to  the  applied  field  and  reaction  forces  exerted 
by  the  supports.*  6  large  efforts  wer  undertaken  in 
order  to  reduce  this  g-sen3itivlty,  because  or  its 
implication  for  spatial  and  tactical  quartz  oscilla¬ 
tors.  Reduction  of  the  sensitivity  from  a  Tew  10*®/o} 
to  a  few  10'10/g  wos  achieved  on  DAW  resonators.  “  3 
With  SAW  devices  the  situation  wa3  worse  (10*7/g)7q >75 


but  improvements  also  were  obtained,  and  sensitivities, 
of  the  order  of  a  few  I0*s/g  are  obtainable  today.  ,  7 


Fig.  4 

SAW  cantilever  beam  accelerometer 
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All  these  sensitivities  lo  forces,  pressure!],  or  acce¬ 
lerations  arc  related  to  effective  3rd  order  cons¬ 
tants,  which  Involve  2nd  and  3rd  order  fundament, ;1 
elastic  constants. 

Ihe  values  of  the  2nd  order  elnatlc  constants  are  well 
known,  and  aro  oval  table  In  the  form  of  the  compl lance 
or  of  ttxi  stiffness  constants,  defined  at  constant 
electric  field  or  constant  electric  displacement. 

3rd  order  elastic  constants  of-ounrlz  has  been  imanu- 
red  by  Ihuraton  et  nl  In  1965.  These  values  corres¬ 
pond  to  the  only  complet  set  which  lo  available.  There 
are  31  non  zero  3rd  order  constants,  and  among  them  14 
arc  independent.  Ihe  values  of  the  14  Independent 
constants  are  given  In  table  11. 


Couff. 

Value 

Standard 

error 

Coerf. 

Vo  lua 

Standard 

error 

clll 

-2.10 

0.07 

C1 

♦0.02 

0.04 

cm 

-3.45 

0.06 

-1.34 

0.07 

cm 

♦0.12 

0.06 

CISS 

-2.00 

0.00 

cu«* 

-1.63 

0.05 

C222 

-3.32 

0.00 

cm 

-2.94 

0.05 

cm 

-0.15 

0.10 

C12«, 

-0.15 

0.04 

C31,v 

-1.10 

0.07 

cui 

-3.12 

0.07 

Cl,  1,1, 

-2.76 

0.17 

Table  II 

Values  of  the  14th  Independent  3rd  order  fundamental 
elastic  constants  or  qunrtz  (in  10* 1  N/m2) 
from  Ref.  01 

Thu  confidence  one  can  hove  In  these  values  Is  high 
according  to  the  good  agreement  which  was  generally 
observed  when  comparing  the  calculated  force,  pressu¬ 
re,  or  acceleration  sensitivities  of  the  devices  to 
the  experimental  values. 

3rd  order  constants  have  also  been  muasured  for  many 
materials  to  cubic,  trigonal,  tetragonal  crystal logra- 
pliic  systems.  The  values  can  be  found  in  Tables  of 
Ref.  02. 


At  the  oppoaltu  4th  ordor  elastic  constants  are  almost 
completely  unknown,  for  quartz  crystal  only  Cgg66  "  , , 
0*1Q12  N/oV5  Cull  =  1.6X10*3  N/m2,  C3333  =  1.0«1013 
N/m2  83  and  uome  compliance  constants814, 85  oru  known. 


Temperature  coefficients 

The  behavior  of  resonators  submitted  to  temperature 
variations  la  generally  described  by  means  of  thurmol 
expansion  coefficients  snd  temperature  coefficients  of 
the  elastic  constants.  These  last  ones  have  been  mea¬ 
sured  by  Oechmann  and  coauthors86  from  the  temperature 
dependence  or  DAW  quartz  crystal  resonator  frequency. 
Such  coefficients  therefore  are  phenomenological  coef¬ 
ficients,  which  can  be  used  with  confidence  only  Tor 
calculating  the  behavior  of  resonators  of  the  3nme 
type  and  in  the  same  conditions.  They  cannot  be 
considered  as  fundamental  constants  at  all.  In  fact 
they  Implicitly  contain  the  contribution  of  nonlinear 
clastic  effects  due  to  the  crystal  deformation  related 
with  the  thermal  expansion. 

The  temperature  derivative  of  the  fundamental  elastic 
constants  were  determined  by  Slnha87  by  oubslractlng 
the  contribution  of  the  3rd  order  elastic  nonllneari- 
ties  from  Oechmann' 0  coefficients.  The  values  are 


given  in  Table  111.  Hore  recently  the  same  calculation 
was  made  by  tec  ami  extended  to  the  second  order  tem¬ 
perature  derivatives.  Those  lost  onca  are  effective 
coefficients  which  are  a  combination  of  U'o  fundamen¬ 
tal  2nd  temperature  ctorlvntlvca,  of  the  temperature 
derivatives  of  the  3rd  order  elastic  constants 
(unknown),  and  of  the  4th  order  elastic  constants 
(unknown). 


b«l 

4 

10*  N/H2 

(,/c^/OI 
,0-6/ oc 

0 

io-6/°c 

11 

06.74 

10.16 

- 

33 

107.2 

-  66.60 

14.5 

12 

6.90 

-  1  222 

- 

13 

11.91 

-  170.6 

34.2 

44 

57.94 

-  09.72 

- 

66 

39.00 

126.7 

- 

14 

-  17.91 

-  49.21 

- 

Table  111 

rirst  order  tempurature  derivatives  or  the  fundamental 
elastic  constants  of  quartz  (from  ref.  07) 


Thu  nonlinear  elastic  constants  combined  with  the  fun¬ 
damental  temperature  derivatives  coefficients  of  the 
resonator  are  necessary  for  describing  nonuniformly 
heated  resonators.  When  tempurnture  is  not  uniform, 
tempuroturu  gradients  Induce  thermal  stresses  and 
strains  which,  In  addition  of  thermal  expansion  and 
temperature  dependence  of  the  fundamental  elastic 
constants,  contribute  to  the  frequency  shifts  by  non¬ 
linear  elastic  effects.  The  so-cnllcd  "dynamic  lenpc- 
raturu  behavior"  has  been  studied  In  details  experi¬ 
mentally  and  theoretically89"9'  in  DAW  rrsonotors  and 
SAW  devices. 

Tiie  complete  frcquency-tempernture  dependence  of  reso¬ 
nators  is  summarized  by  the  relation 

*  b0  <>-To>2  *  co  (I’To)3  +  °  £  (,4) 
0 

where  o0,  bn,  c0  represent  the  1st,  2nd  snd  3rd  order 
static  temperature  coefficients  of  frequency,  snd  a 
the  dynamic  tcmpercturo  coefficient.  a0,  bQ  and  c0 
generally  are  evaluated  from  the  phenomenological 
Qochmnnn’u  constonts.  a  must  be  calculated  by  using 
the  temperature  derivative  of  the  fundamental  clastic 
constants  and  nonlinear  elastic  couplings  involving 
the  3rd  order  elastic  constants. 

Sincu  temperature  gradients  inducu  in-plnnu  thermal 
stresses,  8  their  compensotion  consists  in  determining 
a  crystal  orientation  such  tliut  the  two  in-plone  axial 
stress  components  cancel!  out.  This  was  the  definition 
given  by  Ccrniooo  of  SC-cut.  9 

Clcctroolnst Ic  and  clectrostrictlve  constonts 


The  electroelostic  constonts  ore  the  3rd  order  cons¬ 
tants  noted  eraijjm,  wh,eh  in  the  expression  of  inter¬ 
nal  energy  couple  one  component  of  the  electric  flsl'i 
with  two  components  of  the  strain  tensor,  correspon¬ 
ding  to  the  term  1/2  i  jkJt  Cm  RiJ  RkJt-  Since  the 

strain  derivative  of  this  quantity  gives  the  stress 
tensor,  it  con  be  written 


*  i  j  *  °m.  i  jlct  \l 


(15) 
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iherefore  elect roetastlc  effect  appears  ns  «  nonlinear 
coupling  between  electric  fields  mxJ  mechanical 
atraliu.  If,  for  Instance,  Cn  la  a  static  quantity 
noted  Ea,  and  I | j  and  dynamic  quantities  (noted 
Ijj  and  o^)  relation  (15)  becomes 

**t J  "  (e«. I JW  V  "ki  (,6) 

which  represents  a  HnearUed  form  of  stress-strain 
relation  ;  (ew.  CM)  in  that  case  is  equivalent  to 
a  correcting  term  of  some  2nd  order  elastic  constants. 
In  this  example  electroelastic  effect  induces  a  direct 
change  of  the  elastic  constants  under  the  application 
of  a  DC  electric  field. 


The  electrostrtctlve  constants  correspond  In  the  ener¬ 
gy  to  the  coupling  of  two  electric  field  components 
with  one  strain  component  in  the  term  (1/2)  eWU|j  Cn 
Cn  nij- 


After  strain  derivation  11  follows 


llJ  *  e«UJ  Cm  Cn 


(17) 


which  Is  a  stress  component  proportional  to  a  quadra¬ 
tic  form  of  the  electric  field,  lhla  property,  called 
olectrostrlctlon,  can  bo  observed  in  moat  of  tlie  mate¬ 
rials,  and  in  particular  to  materials  which  are  not 
piezoelectric. 


therefore  the  application  of  e  DC  field  on  n  piezo¬ 
electric  resonator  Introduces  a  rather  complicate 
situation  : 

-  If  the  OC  field  Is  applied  in  a  direction  Tor  which 
the  crystal  Is  piezoelectric  a  deformation  follows 
which  can  modify  the  plate  thickness  and  tho  specific 
moss,  and  therefore  tins  resonance  frequency.  This  Is  o 
direct  effect,  but  which  occurs  only  for  particular 
directions. 

-  then  is  the  nonlinear  coupling  between  the  static 
strains  and  the  high  frequency  wove  through  the  third 
order  nonllnenriUcs  ns  for  the  previous  mechanical 
bins. 

-  electroelnstictty  alno  changes  the  resonancu  fre¬ 
quency  by  the  direct  modification  or  ttw  elastic  cons¬ 
tants. 

-  In  oddltlon  olectrostrlctlon  introduces  correcting 
terms  in  the  stress-field  relation,  but  electro  fric¬ 
tion  con  bo  easily  distinguished  from  eloctroolnsU- 
clty  because  of  Its  quadratic  nature. 

The  electric-field  dependence  of  quartz  resonators  was 
presented  for  the  first  time  by  Kustern.  00  As  shown 
in  Fig.  5,  a  fast  frequency  shift  due  to  the  previous¬ 
ly  described  effects  follows  tho  application  of  the  DC 
field.  The  relaxation  phenomenon  which  appears  after 
the  initial  frequency  shift  is  due  to  ionic  impurity 
mlgrotion  in  the  crystal.  The  clcctroelnntic  effect 
was  studied  by  llrusko,  ‘”105  who  evaluated  tlie  values 
of  linenr  combinations  of  clcctroelnstlc  constants. 
Complete  sets  of  the  0  independent  constonts  (there 
are  23  nonzero  constants)  were  determined  by  different 
authors.  Kusters,  0  Brcndel,  *  llrusko,  Orcndel10 
used  frequency  mepsurements  of  resonators  under  DC 
fields.  Relder,  6  Kittinger10  * 108  determined  the 
same  constants  with  a  puise  echo  method.  The  different 
values  obtained  by  these  authors  ore  given  in  Table  IV. 


It  must  be  noticed  that  not  oil  of  these  volucs  cor¬ 
respond  to  material  constants,  and  that  some  ore  In 
fact  phenomenological. 


The  agreement  between  Jhe  different  »olucn  la  not  ao 
satisfactory,  and  the  reason  of  the  discrepancies  in 
not  sufficiently  understood  yet. 


rig.  5 

Influence  of  a  OC  electric  field  on  n  quartz  crystal 
resonator  (from  Ref.  24) 


Xirat  f  ra 

Ret.  IDO 

IremM 

Her.  104 

Itruska 

Her.  101 

Ilruaka 

Oremtel 

Ref.  104 

Kill  uiijer 

1  irlir 

rrletkl 
Hef.  107 

Heltler 

KlUimier 

liriiy 

Her.  106 

*1.11 

2.77 

-  2.73 

•  2.76 

-  2.06 

-  2.10 

2.61 

.47.05 

-12 

0.5 

0.47 

'V.n. 

.211.01 

33.4 

.  0.20 

0.37 

l*i.» 

Vn 

-114.76 

3.05 

l.l 

-  1.47 

•85.47 

34.6 

-  0.78 

1.13 

\n 

2.12 

50.5 

.  1.63 

1.34 

Vw 

57.77 

-  0.6 

-  0.05 

-  0.15 

Oj.lS 

70.72 

24.7 

0.9 

-  0.64 

CI.H 

-  0.60* 

tuT 

ci.n 

-  0.70 

-  1.77 

-  o.eo 

-  2.41 

0.90 

1.02 

CJ.I5 

t.Ol 

0.72 

ftfteooa. 

material 

phrnoa. 

material 

material 

plienom. 

t||j  •  e,|j  -  0.42  C|i»  ♦  0.25  em 
tin  «  e|n  -  0.26  eui  -  0.60  S|H 
[|]V  *  cm  -  U.75  ej}j  -  0.60  ejm 
tio.,  «  env  ♦  0.5  e| j| 

t|IS  •  nil  *  0,6  '177  *  O-**  'IJV 


Tableau  IV 

Electroelaetic  constants  of  quartz  crystal  (in  C/m2) 
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The  method  used  by  Klttingor  mid  coauthors  olao  gave 
tie  etectrostrlcttvc  constants,  which  arc  presented  in 
Table  V. 


*11.1 

*11.2 

*11.1 

*11. «. 

*13.1 

*13.3 

*11.5 

*11.6 

-4.0 

1.1 

10.2 

-2.2 

0.0 

-3.9 

-4.1 

1.3 

Tableau  V 

ClectrostricUvc  constants  of  quartz  crystal  (in  f/m) 
from  Ref.  10? 

The  elcctroelastic  effect  found  also  application  in 
signol  processing  and  in  particular  In  the  acoustic 
convolver.  The  principle  of  this  device  is  shown  In 
fig.  6.  Two  signals  Cj(t)  and  Ej(t)  are  applied  on  the 
two  Input  transducers,  which  generate  surface  acoustic 
waves  in  opposite  directions.  These  two  waves  are 
nixed  by  the  substrate  nonlinearities  and  tlie  wave 
component  with  frequency  wi-a»2  am)  wave  number  ki-kj 
is  detected  by  Uie  intcrdigltn!  transducer  at  Ibu 
middle  or  tbe  plate.  In  particular  if  uj  *  uj,  then 
k|-kj  =  0  j  Uie  nonlinear  signal  is  uniformly  dlotri- 
buted,  and  can  be  detected  by  replacing  the  output  10T 
by  o  simple  electrode.  The  output  signal  is  proportio¬ 
nal  to  Uie  convolution  product  of  Uie  input  signals 
(thin  device  is  called  degenerated  convolver). 


The  theoretical  analysis  of  the  acoustic  convolver  was 
made  by  Ganguly.  *  Tne  efficiency  of  the  convolver 
con  be  improved  by  increasing  the  waves  energy  densi¬ 
ties  by  means  or  acoustic  wave  guides.  The  guided  voy® 
convolver  was  studied  by  Plnnst  and  coauthors.  10 » 11 

The  nixing  of  the  two  wovc3  results  from  the  elastic 
(3rd  order  constants),  piezoelectric  (electroelostic, 
clectrostrlctivc),  ond  dielectric  (3rd  order  contents) 
nonllneorlties.  The  detection  of  the  convolution  pro¬ 
duct  is  due  to  the  2nd  order  piezoelectric  constants. 
Therefore  Tor  improving  the  efficiency,  material  with 
high  electromechanical  coupling  factor,  like  lithium 
niobate,  is  used. 

It  was  also  proposed  to  use  the  elcctroelastic  effect 
to  create  gratings  in  LiNbO]  ond  LiToOy  with  the 
interference  electric  field  of  two  laser  beams.  12 


The  third  order  elastic  constants  of  liNbtlj  hove  been 
measured  by  Noknyawa.  5  The  elcctroelastic  constants 
arc  Uie  more  Important  ones  for  the  convolver  ;  Uie 
I3!h  Independent  constants  were  measured  by  different 
authors,  but  it  oust  be  notired  that  (lie  different 
values  do  not  alwuys  correspond  to  fondorventnl  cons- 
twils  and  rather  to  effective  ones.  *“,,i  Hie  elec- 
trostridive  constants  were  also  evaluated  and  the  0 
independent  constants  can  be  found  In  Ref.  109. 


D ieiectrlc  cor.nl an  1  a 


The  nonlinear  dielectric  constants  do  not  loke  a  pro¬ 
minent  part  In  tbe  acousto-electric  models  of  piezo¬ 
electric  devices  (at  least  in  the  rndtofrequency 
range),  since  they  essentially  appear  ns  correcting 
terms  of  the  elastic  and  piezoelectric  effects.  How¬ 
ever  3rd  and  4th  order  dielectric  constants  of  quartz 
have  been  measured.  5  Values  of  3rd  order  constants  of 
lithium  niobate  arc  also  available,  lltcy  were  obtained 
from  electro-optx  coefficients.10* 


Electro-optic  and  elaato-opt lc  constants 

The  oluctro-optic  and  elasto-optic  interactions  invol¬ 
ve  fundamental  constants  which  already  appeared  in  the 
previous  sections  of  this  paper. 

Clectro-optic  effect  corresponds  to  Uie  interaction  of 
a  light  beam,  i.e.  an  electromagnetic  wave  ul  very 
high  frequency  with  o  low  frequency  electric  field. 
Even  if  this  lost  one  is  in  the  microwave  range  It  con 
be  considered  ns  a  DC  field  In  comparison  to  the  light 
frequency.  Since  the  mathematical  representation  of 
the  Interaction  links  Uie  modified  light  wave  to  the 
initial  light  wave  multiplied  by  the  electric  field, 
the  electro-optic  effect  mjst  Involve  In  the  expres¬ 
sion  or  Internal  energy  (9)  three  components  or  Urn 
electric  field  and  Uius  corresponds  to  the  quantity 
(1/6)  Cjnnp  E„  En  E„.  Therefore  the  electro-optic  cons¬ 
tants  are  similar  to  Uie  3rd  order  dielectric  cons¬ 
tants.  If  the  4th  order  constants  ore  considered,  they 
will  correspond  to  a  quadratic  electro-optic  effect 
(Kerr  affect) 

When  Uie  crystal  is  piezoelectric,  mechanical  deforma¬ 
tions  occur  which  can  be  coupled  with  Uie  light  beam. 
The  corresponding  term  In  Uie  energy  involves  tw  elec¬ 
trical  components  with  one  mechanical  one.  Ibis  is 
(1/2)  e^n.ij  Era  E„  ny.  The  elasto-optic  constants 
correspond  at  low  frequency  to  the  electrostrlctive 
constants. 

As  previously  pointed  out  some  of  the  3rd  order 
dielectric  and  eloctrostrictivc  constants  of  tlNbtlj 
were  deduced  this  way. 

A  rfgourous  presentation  of  these  different  coeffi¬ 
cients  would  have  to  tuke  into  account  the  differences 
between  electro-optic  constants  defined  at  constont 
strains  or  at  constant  stresses.  ls  A  similar  remark 
applies  to  the  elasto-optic  constants  defined  at  cons¬ 
tant  electric  field  or  electric  displacement.  These 
distinctions  hove  not  been  made  in  this  short  presen¬ 
tation. 


Conclusions 


The  nonlinear  behavior  of  piezoelectric  devices  is 
described  not  only  by  the  nonlinear  fundamental  cons¬ 
tants,  but  rather  by  effective  constants  which  involve 
2nd  order,  3rd  order,  ond  sometimes  4th  order  lundo- 
mentol  constants.  This  means  that  a  crystal  with  zero 
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nonlinear  fundamental  constants  -lrrealioltc  hypothe¬ 
sis-  Mould  still  exhibit  nonlinear  properties.  On 
account  of  the  important  anisotropy  of  piezoelectric 
crystals,  and  the  development  today  of  doubly  rotated 
cuts  almost  all  the  different  independent  constants 
are  involved  in  the  relations  describing  this  or  that 
effect.  This  requires  that  the  values  of  alt  the  cona- 
tents  must  be  known. 

for  quart*  crystal  the  3rd  order  elastic  constants  can 
be  used  with  confidence,  but  : 

the  Ath  order  olastic  constants  are  not  known.  This 
Is  a  lark,  whirit  doss  not  enable  to  determine  orienta¬ 
tions  with  lower  amplitude-frequency  effect  or  inter- 
modulation,  for  Instance. 

the  temperature  derivatives  of  the  3rd  order  elas¬ 
tic  constants  are  not  known.  These  derivatives  would 
be  Interesting  for  determining  tlie  influence  of  tempe¬ 
rature  on  the  sensitivity  of  force,  pressure,  or  acce¬ 
leration  sensors,  or  live  values  of  the  2nd  order  tem¬ 
perature  derivatives  of  the  fundamental  elastic  cons¬ 
tants. 

the  electroelastic  constants  have  been  measured, 
but  tlie  disagreement  between  the  different  authors  is 
too  targe. 

Even  In  quartz,  which  is  supposed  to  be  best  known 
crystal,  there  is  still  efforts  to  do  In  order  to 
Improve  tlie  knowledge  of  its  nonlinear  properties,  for 
crystals  like  lithium  niobate,  lithium  tontatntc, 
there  are  more  unknown,  and  "a  fortiori"  the  situation 
is  worse  for  other  crystals. 
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Changes  of  resonance  frequencies  of  thickness 
vibrations  In  doubly  rotated  circular  disks  of  quart* 
due  10  sternly  accelerations  as  body  ferees  are  studied, 
Tim  plate  Is  of  uniform  thickness  ami  supported  at  the 
edge  by  flexible  metal  ribbons  stilt  rigid  contact. 

the  initial  fields  of  displacement,  strain,  and 
stress,  caused  by  the  reactions  of  the  ribbon  supports 
to  the  body  force  of  arbitrary  direction,  are  obtained 
by  a  finite  element  meihoS  based  on  Hindi In's  two- 
dimensional.  first-order  equations  of  equilibrium  for 
crystal  plates. 

The  frequency  equation  for  Incremental  thickness 
vibrations  superposed  on  the  initial  defonmulons  Is 
obtained  from  the  previously  derived  two-dimensional 
equations  of  motion  for  Incremental  vibrations.  In  the 
frequency  equation,  the  Initial  strain  and  Initial 
deformation  tensors  appear  as  given  functions  of  Xj 

and  x3  of  the  plate.  Then,  by  a  perturbation  method. 

changes  of  thickness  frequencies  as  functions  of  the 
direction  of  acceleration  nre  computed  for  SC-cut 
circular  quart*  resonators.  The  effects  of  plate 
thickness,  support  configurations,  ami  support  struc¬ 
ture  on  the  acceleration  sensitivity  are  studied. 

I.  Introduction 

Effects  on  frequency  changes  In  crystal  resonators 
doe  to  applied  forces  or  accelerations  Iwvc  been 
studied  since  the  early  1970's  as  small  vibrations 
superposed  on  finite  deformations  induced  by  forces  ur 
accelerations  at  an  Initial  state.1 

Three-dimensional  equations  of  finite  elasticity 
In  Lagrnnglnn  formulation.  Including  nonlinear  aniso¬ 
tropic  stress-strain  relations,  are  employed  as  the 
governing  equations  for  fields  nt  both  the  Inltlnl  and 
final  states.  l)y  taking  the  differences  of  the  field 
equations  corresponding  to  the  final  nnd  inltlnl 
states,  three-dimensional  linear  equations  for  swill 
vibrations  superposed  on  Initial  dcformtlon*  are 
obtained.  By  expanding  Initial  and  Incrementnl  dis¬ 
placements  In  a  power  scries  of  the  thickness  coordi¬ 
nate  and  by  Hindi  In's*  general  procedure,  two-dimen¬ 
sional  nonlinear  governing  equations  for  Inltlnl  fields 
and  two-dimensional  linear  equations  for  Incremental 
vibrations  are  obtained  for  crystal  plates.' 

These  equations  nre  employed  to  study  the  force- 
sens!  tlvlty  of  circular  crystal  resonators  subject  to  a 
pair  or  in-plane,  diametral  forces.  Predicted  results 
for  rotnted  Y-cuts'  and  doubly  rotated  cuts3'"  ore  In 
good  agreement  with  experimental  results.4'*'6 

Force  sensitivity  of  circular  cantilever  plates 
subjected  to  transverse  loading  was  studied  for  rotnted 
Y-cuts7  and  then  for  doubly-rotated  cuts."  Predicted 
results  are  reasonably  close  to  experimental  data  for 
AT-*  and  SC-cuis9.  but  less  so  for  BT-cuts.6 

Acceleration  sensitivity  of  circular  otsks,  with 
three-  and  four-point  mount,  subject  to  In-plane  accel¬ 
erations  was  studied  for  rotated  Y-cuts"  and  then 


extended  to  doubly  rotated  cuts."  Predicted  result 
for  disks  with  three-point  mount  had  good  agreement 
with  experimental  result,  but  no  consistent  agreement 
Imwesn  the  predicted  awl  observed  results  for  disks 
with  four-point  mount. ,s*,a 

Effect  on  frequency  shift  due  to  transverse  accel¬ 
eration*  In  circular  quart*  disks  has  not  yet  been 
studied  analytically  so  far  as  wo  know. 

These  above-mentioned  analytical  studies  have 
contributed  valuable  Informtlon  nnd  fundamental 
understanding  of  the  force  and  acceleration  effect  on 
the  vibrations  of  crystal  resonatr-s.  However,  these 
chosen  problems  had  to  be  limited  to  simple  and  Ideal¬ 
ised  cases,  such  as  plate  being  nf  uniform  thickness 
and  the  connection  of  the  plate  tu  the  metal  ribbon 
support  assumed  being  simply-supported.  In  obtaining 
analytical  solutions,  further  sathewulcal  approxi¬ 
mations  were  introduced,  such  as  replacing  the 
anisotropic  Initial  stress  field  In  a  crystal  disk  by 
the  stress  field  obtained  from  an  isotropic  disk. 

To  remove  some  of  these  limitations  nnd  npproxl- 
mnilons.  the  finite  element  method  1ms  been  employed  to 
develop  a  computer  code  for  solutions  of  Hindi  in's  six 
two-dimensional  first-order  plate  equations  for  Initial 
stresses."  Force  sensitivity  coefficients  for  circu¬ 
lar  disks  subject  to  diametral  forces  are  recalculated 
based  on  the  Initial  fields  obtained  by  the  FEH  code. 
Predicted  results  match  the  experimental  data  very 
closely  for  all  the  measured  doubly  rotated  cuts.6 
The  Improvement  Is  mainly  due  to  the  removal  of  the 
isotropic  approximation  or  Initial  stress  field. 

To  establish  the  accuracy  and  flexibility  of  the 
numerical-analytical  approach  further,  elmnges  In  fre¬ 
quencies  In  the  circular  cantilever  plates  subject  to 
transverse  loading  are  also  recalculated.  Predicted 
results  are  closer  to  the  experimental  data*'**  than  the 
previously  calculated  results  for  both  AT-  nnd 
SC-cuis. 

In  the  present  paper,  acceleration  sensitivity  of 
SC-cut  quart*  resonators  is  studied  systematically  for 
various  plate  oral  support  parameters  ns  described  In 
the  subsequent  sections. 

2.  Four-Point  Mount  SC-Out  Hesonators 

Kc  consider  SC-cut  (0  ■  34°.  *  ■  21.93°)  circular 
quart*  resonators  with  diameter  d  «  14,0  mm  nnd  thick¬ 
ness  2b  m  1.1409  mo  (fundamental).  The  disk 

is  supported  by  four  metal  ribbons.  90°  opart,  with  two 
located  on  the  Xj  nxis  and  the  other  two  on  the  x^ 

axis.  The  ribbon  Is  mode  of  molybdenum  (E  ■  27.579  x 
9  2 

10  dyncs/mo  ,  u  a  0.32)  with  length  9.  *  1 .  1*13  mm 
mid  rectangular  cross  section  (t  *  0.0177  mm.  v  a 
1.524  mra).  The  contact  condition  between  the  plate  nnd 
the  ribbon  Is  assumed  to  be  “rigid",  i.e.,  it  can 
transmit  both  moments  und  forces. 

Ke  denote  the  resonance  frequency  of  a  resonator 
without  nny  stress  bias  by  f^,  nnd  the  resonance 

frequency  under  1  g  acceleration  In  the  x{  direc¬ 
tion  (is  1,2,3)  by  fj.  The  we  define 
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r  -  fJ  f0  Afl 
1  f0  f0 

r„  *  /rjFT  Hj  ...  lateral  acceleration 
sensitivity  (par  g) 

rx  ■  |  r2  |  ...  thlekne*8  acceleration 
sensitivity  (per  g) 

r.^rfTifTif  ■ 


»  '/rj  *  ij  ...  (total)  acceleration 
sensitivity  (per  g). 

O) 

In  the  finite  element  method,  n  circular  disk 
modelled  by  a  mesh  of  22S  elements  is  shown  in  Fig.  1. 


He  denote  the  direction  of  the  body  force  I)  due 

** 

to  acceleration  in  the  XjX^  plane  hy  the  nxlmuth 
angle  -f2<  a  right-hand  rotation  about  the  axis 
starting  from  the  Xj  axis.  Similarly,  the  direction 
of  a  body  force  in  the  x^x^  plane  Is  denoted  hy 
a  right-hand  rotation  about  the  Xj  axis  starting  from 
the  *2 


Cl  tangos  of  frequencies  (Af /fQ  x  lO_,0/g)  as  func¬ 
tions  of  ^  ami  'fj,  for  vibrational  nodes  a  (thick¬ 
ness  stretch),  b  (thickness-shear  in  Xj)  atxl  c( thick¬ 
ness-shear  in  Xj)  are  conpuied  and  shovn  in  Figs.  2 

and  3,  respectively.  In  Fig.  2,  the  measured  values 
for  node  c  by  Filler,  Koslnskl,  and  VJg  nru  also 
sliown  for  comparison. 

From  Figs.  2  and  3.  we  obtain,  according  to  the 
definitions  given  in  (1).  the  acceleration  sensitivi¬ 
ties  for  node  c:  i^  ■  2.S5  x  10"l0/g,  F^  ■  d.S3  x 

10  *^/g,  T  ■  2.85  x  10  *®/g.  Tltcse  values  are  coap- 
nrable  to  the  neasured  values:  F|(  *  3.52  x  10_1®/g. 

I\  -  -I.5G  x  iO“U/g.  r  ■  3.62  x  10"l0/g.‘7 


3.  Six-Point  ami  Three-Point  Mounts 

To  examine  the  effect  of  different  support  config¬ 
urations  on  the  acceleration  sensitivity,  two  addition¬ 
al  mounting  arrangements  are  considered:  (1)  Six-point 
mount  (60°  npart).  and  (2)  Three-point  mount  (a  four 
point  mount  with  the  support  at  the  +Xj  axis 

removed) . 

The  Af/fg  vs.  +2  curves  for  the  six-point  mount 

and  three-point  mount  are  shown  in  Figs.  *t  and  5, 
respectively.  For  comparison,  values  of  acceleration 
sensitivities  of  mode  c  for  these  three  support 
configurations  are  listed  below.  From  this  point  on  in 
this  paper,  acceleration  sensitivity  shall  mean  accel¬ 
eration  sensitivity  in  mode  c,  unless  It  is  specif¬ 
ically  indicated  otherwise. 


Support 

Configuration  r„ 

Six-point  0.5T, 
Four-point  2.S5 
Three-point  7.50 


fx  r  (in  |«‘,0/g) 

0.01  0.05 
0.05  2.S5 
I.2Y  Y.GO. 


A  rr  C  ^ItiyJjjLv^  r>u  s 

^m-Q.d^ntni-ion 


Let  the  orientation  of  a  four-point  and  00"  apart 
mount  configuration  be  denoted  by  angle  n.  a  right— 
l*and  rotation  nngle  nl>oui  the  x2  axis  starting  from 

the  Xj  axis. 

The  Af/fQ  vs.  ><<2  curves  are  computed  for  a 

series  values  of  a  ami  are  given  in  Fig.  6.  Ami 
total  acceleration  sensitivity  F  as  a  function  of  a 
Is  shown  in  Fig.  7.  It  my  be  seen  In  Fig.  7  that  F 
has  the  lowest  value  at  n  ■  15°  but  varies  little 
between  it  «  0°  to  o  ■  d5°.  and  It  lets  the  highest 
value  at  «  ■  75°.  The  predicted  values  of  F  Tor 
it  *  0°  to  d5°  appears  to  represent  the  lower  bound 
of  the  measured  values  of  Filler.  Koslnskl  and  Vig  in 
Fig.  8  of  Kef.  19. 


Plate  Thirkness 

Acceleration  sonsl tivi ties  FM.  fj,  and  F  fur- 

resonators  with  four-point  mount  nix!  p  »  0  nro  com¬ 
puted  for  a  series  of  values  of  plntc  thickness  2b. 

The  results  are  shown  In  Fig.  8,  in  which  the  measured 
values,  given  In  Fig.  *1  of  Kef.  IS.  are  also  Included 
for  comparison. 

It  may  he  seen  In  Fig.  S  tint  for  symmetrical Iv 
placed  four-point  mount  f)(  Is  approximately  llm.uly 

proportional  to  the  thickness  of  the  plate  and  F^  is 

approximately  inversely  proportional  to  the  plate 
thickness.  However,  IT  one  of  the  supports  is  not 
aligned  along  one  of  the  orthogonal  axes,  for  Instance, 
it  is  off  the  sxi  axis  by  an  angle  AOj  ■  V.ISD,  the 

values  of  l'x  are  no  longer  predominant  Tor  very  small 

thickness  of  the  plate.  Hence  the  totnl  acceleration 
sensitivity  F  Is  dominated  by  F|(  and  therefore  Is 

practically  projxjriionnl  to  the  plate  thickness  ns 
shown  in  Fig.  9. 

0.  Acceleration  Sensitivity  Affected 
by  Support  Structure 

A  resonator  with  four-point  mount  and  n  b  0  is 
shown  schematically  In  Fig.  10(n).  If  the  lower  end  of 

-3 

a  ribbon  support  is  displaced  by  a  distance  A  »  10 
mra  In  the  Xj  direction  from  Us  stress-free  posi¬ 
tion,  stresses  nnd  strains  will  be  Induced  throughout 
the  plate  and  supports.  The  convention  for  the  forces 
nnd  moments  Induced  nt  the  other  end  of  the  support  Is 
depicted  In  Fig.  10(b).  Ke  denote  the  changes  of  fre¬ 
quency,  caused  by  support  displacement  =  A  a  10”"* 

ms.  by  s  Af/fQ  which  shall  be  called  displacement 

sensitivity.  Letter  symbols  representing  the  dimen¬ 
sions  of  a  general  support  structure  arc  shown  in  Fig. 
10(c).  By  varying  the  values  of  these  dimensions,  five 
types  of  support  structure  are  defined  as  listed  below. 
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Support 


Typo 

a 

*1 

*2 

w 

*1  1 

A 

1.113 

0 

0 

1.521 

0 

1 

1.113 

0 

0.2 

1.521 

0 

C 

1.113 

0.2 

0.2 

1.521 

0.505 

D 

1.113 

0.1 

0 

1.521 

0.505 

E 

1.113 

0.1 

0 

0.761 

0.505 

Th«  decoloration  sensitivity  F.  Induced  force 
Fj  and  moments  M(  (l  ■  1.2.3),  and  displacement 

sensitivity  XJt  «re  wpuied  for  tho  above 

I luted  five  types  of  support  structure  and  are  shown 
InTablo  !. 

Me  note  that  support  type  A  is  the  one  belnc 
employed  in  Sections  2  -  5  of  the  present  paper.  It 
any  be  seen  from  Table  I  that  support  type  E  has  the 
lowest  combined  acceleration  sensitivity  and  displace¬ 
ment  sensitivities. 
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Fig.  1  A  circular  plate  modelled  by  a  mesh  with 
228  elements. 


Fig.  2  Af/fg  vo.  for  four-point  mounted 
SC-cut  resonator. 
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Fig.  9  T  vs.  2b  for  SC-cut  resonators  with 

slightly  deviated  90°  apart,  four-point 
nount. 


Fig.  10  (a)  Four-point  Mounted  resonator. 

(b)  Induced  forces  and  MOMents  due  to 
initial  dlsplaceMent.  (c)  Letter 
symbols  for  a  general  support  structure. 


Table  I  Acceleration  and  Displacement  Sensitivities  for  Various  Types  of  Support  Structure 
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Abut  rice 

An  analysis  of  the  nonul  acceleration  sensitivity 
of  grooved  ST-cut  quarts  surface  wave  resonators  rigidly 
supported  along  the  edges  Is  performed.  The  varia¬ 
tional  principle  with  all  natural  conditions  for  aniso¬ 
tropic  flexure,  which  Is  required  for  the  new  approxi¬ 
mation  procedure  used  In  the  calculation  of  the  flexural 
biasing  state,  Is  presented.  The  flexural  biasing 
state  Is  eaployed  In  the  existing  perturbation  equation 
along  with  the  proper  continuous  representation  of  the 
acoustic  surface  wave  aiode  shape  for  arrays  of  reflect¬ 
ing  grooves  to  calculate  the  normal  acceleration  sensi¬ 
tivity.  It  Is  shown  that  by  appropriate  selection  of 
the  planer  aspect  ratio  of  an  ST-cut  quarts  substrate 
the  normal  acceleration  sensitivity  can  be  made  t? 
vanish. 


1,  Introduction 

In  earlier  work'  on  tho  normal  acceleration  sensi¬ 
tivity  of  ST-cut  quarts  surface  wave  resonators  simply- 
supported  along  the  edges,  which  produces  flexure  In 
the  quarts  substrate,  It  was  shown  that  the  accelera¬ 
tion  sensitivity  can  be  made  to  vanish  by  proper 
selection  of  the  planar  aspect  ratios.  The  sensitivity 
vanishes  even  though  Che  Influence  of  flexure  on  the 
frequency  of  surface  wave  resonators  Is  large  because 
the  changes  in  frequency  caused  by  the  flexure  In  the 
two  spanning  directions  are  of  opposite  sign  and 
cancel.  The  unrealistic  assumption  of  simple  supports 
was  made  because  this  enabled  an  exact  analysis  for  the 
flexural  biasing  state,  which  was  necessary  because 
the  flexural  variational  principle  used  In  the  approx¬ 
imation  procedure  employed  In  this  work  was  not 
available  at  the  time.  In  addition,  an  assumed  surface 
wave  mode  shape  along  the  transmission  path  was 
employed  because  the  proper  continuous  roprosenta- 
2  3 

tlon  ’  of  the  mode  shape  along  the  transmission  path 
for  arrays  of  reflecting  grooves  did  not  yet  exist. 

The  surface  wave  mode  shape  that  was  employed*  has 
2  3 

been  shown  ’  to  be  inaccurate  and  results  in  an  over¬ 
estimate  of  the  normal  acceleration  sensitivity. 

In  this  work  an  analysis  of  the  normal  accelera¬ 
tion  sensitivity  of  grooved  ST-cut  quartz  surface  wave 
resonators  rigidly  supported  along  the  edges  Is 
performed.  The  variational  principle  for  anisotropic 
flexure,  in  which  both  constraint-type  and  natural- 

type  conditions®’’’  appear  ns  natural  conditions®’ 

Is  presented.  The  new  approximation  procedure'’  is 
used  along  with  the  variational  principle  to  calculate 
the  flexural  biasing  state  for  rigid  edge  supports. 

The  biasing  state  is  employed  In  a  perturbation 

g 

equation  along  with  the  proper  continuous  representa¬ 
tion  of  the  surface  wave  mode  shape  for  arrays  of 
2  3 

reflecting  grooves  ’  to  calculate  the  normal  acceler¬ 
ation  sensitivity. 

2.  Perturbation  Equations 

For  purely  elastic  nonlinearities  the  equation 
for  the  first  perturbation  of  the  eigenvalue  obtained 

g 

from  the  perturbation  analysis  mentioned  in  the 
Introduction  may  be  written  in  the  form 


An"V*V  (2‘l> 

where  and  w  are  the  unperturbed  and  perturbed  elgen- 
frequenclcs,  respectively,  and 

v-  <2-!> 


where  V  la  the  undeformed  volume  of  the  piezoelectric 
plate.  In  (2.2)  g*J  denotes  the  normalized  mechanical 
displacement  vector,  and  ^  denotes  tho  portion  of  the 
Piola-Klrchhoff  stress  tensor  resulting  from  the  biasing 
state  In  the  presence  of  the  gJJ,  and  is  given  by 

*LY  "  SLYHarKa,M  »  (2,3) 

where 

CLWcr  "  TLM&Ya  +  5LYMoKNEKN+^LYKMWcr,>C 


+  2LKMcrWY,K’ 
and 

TLM  "  jLMKn'tcN  ’  ^  “  2  (WK,N  +WN,K)  * 


(2.4) 

(2.5) 


Tire  quantities  T^,  and  w^  denote  the  static 

biasing  stress,  strain  and  displacement  field,  respec¬ 
tively.  Tlius,  in  this  description  the  present  posi¬ 
tion  y  is  related  to  the  reference  position  X  by 


y(XL,t)-X+w(XL)+u(X],,t)  .  (2.6) 


The  coefficients  c,,_,„  and  c¥VU  denote  the  second 
2lnKN  3  Lt  MoKN 

and  third  order  elastic  constants,  respectively. 


by 


The  normalized  olgcnsolutlon  g^  and  f*1  is  defined 


8?'S'P“C'NWPUYUYdV'  (2'7> 


it 


where  u^  and  tp*1  arc  the  mechanical  displacement  and 

electric  potential,  respectively,  whit’,  ^ntisj’/  the 
equations  of  linear  plczoclcct-i *ity 

^Y  “  2LYMo-Uff,M  '  "MbY^H  ’ 

Km  Wy,m-*u^,h’  (2-8) 

*LY,L  "  p{iY  ’  \,L“0»  (2,9) 


subject  to  the  appropriate  boundary  conditions,  and  p 
is  the  mass  density.  Equations  (2.8)  arc  the  linear 
piezoelectric  constitutive  relations  and  (2.9)  are  the 
stress  equations  of  motion  and  charge  equation  of 
electrostatics,  respectively.  The  upper  cycle  notation 
for  many  dynamic  variables  and  the  capital  Latin  and 
lower  case  Greek  index  notation  is  being  employed  for 
consistency  with  Ref. 8,  as  is  the  remainder  of  the 
notation  in  this  section. 
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The  lubutltuclon  of  (2.3)  In  (2.2)  yields 

V*  J  'iWa^.h^Y,  L  av  •  <J- 10) 


Since  8U  denotes  the  nomallxed  surface  wave  node  shape 
Or  m 

and  from  (2.*)  c^W{r  depends  on  the  biasing  state,  11^ 

can  be  evaluated  when  the  surface  wave  node  shape  and 
biasing  state  are  known. 

3.  Equations  for  Anisotropic  Static  Flexure 

9-11 

With  the  aid  of  Kindlin'*  plate  equations  It 
has  been  shown  that  the  equation  of  anisotropic  static 
flexure  with  X,  normal  to  the  major  surfaces  can  be 

t  12 

written  In  the  fora 

where  we  have  Introduced  the  convention  that  A,  B,  C,  D 
take  the  values  l  and  3  ar.d  skip  2  and 
h 

*AB^  "  JX2XABdX2’  FB  ^  *b(K2B(h)  +K2B(-h)]  ,  (3.2) 

-h 

and  In  this  Instance 

F*1}  -  0,  F<0)  -  K.,(h)  -  K  „(-h)  -  2hpa,  -  -  2hpa,  , 

B  '  2  22  22  <3.3) 

since  K2|c  vanishes  on  the  major  surfaces  and  where  n2 
Is  the  acceleration  in  tho  X^dlrcctlon.  From 

Eq*.(4.25)  of  Ref. 12  the  constitutive  equations  for  the 
stress-resultants  take  the  fora 


Ka)  -  h3V  E(1) 


‘'AB  3  'ABCD  CD  >  ' 

where  Voigt's  anisotropic  plate  elastic  constants  are 
given  by 

YRS  "  CRS  '  CRWCWVCVS  *  R*8"1.3,3',  W,V- 2,4,6,  (3.5) 

in  the  compressed  notation,  and  where  ve  have  intro¬ 
duced  the  scheme  shown.  The  plate  strains  E^  in 
(3.4)  are  given  by 


Ea> .  !(„<!)  +wa>\ 

bCD  2  \  C,D  "D,C/  » 


and  from  tho  relaxation  of  the  stress  resultants  K,.  , 

(0) 

the  vanishing  of  the  plate  shear  strains  E^'  and  (3.6) 
we  have  the  respective  relations 

R(1)--c:lc  E(l)  W(l)--w(0)  E(1)--w(0)  (3  7) 

^  Sjv  VSES  >  A  2,  A'  bCD  2,  CD  '  ' 


w,  or  equivalently  the  rotations  f^,  which  arc 
defined  by 

‘\l,  "  2  ^L,K  "  WK,L3  *  (3,9) 

As  In  Ref. 13,  we  require  that  the  associated  plate 
rotations  that  accompany  the  plate  strains  that  arise 
from  the  relaxation  of  the  plate  stress  resultants 

satisfy  th-  appropriate  three-dimensional  rotation 

gradient-strain  gradient  relations,  l.e., 

*Vl,M  "  F>H.,K  '  EMK,b*  (3,l0> 

From  (3.22)  and  (3.23)  of  Ref. 13  we  have  the  expressions 
for  tho  plate  rotations 


<§’■  i  [<„+1  >»a"+1>- '$]•  <5-“> 

From  (3.33)  of  Ref. 13,  we  have 

0^  ■  arbitrary  constant  »0,  oj^"0,  (3.12) 

and  from  (3.35)  and  (3.34),  respectively,  of  Ref. 13,  we 
have 

U2A  W2,A»  °2A  b2A  * 
which  with  (3.24)  of  Ref.  13  enables  us  to  write 


(3.12) 


n2A  ”'W2°A  +  X2E2A)‘ 


(3.14) 


which  is  the  some  as  (3.36)  o.  Ref. 13.  Now,  from 
(3.8),  (3.14)  and 


WK,t"  EKL+nLK' 


(3.15) 


.w<°>  (3  7) 

W2,CD  VJ<  ' 


which,  respectively,  are  given  In  Eqs.(4.24),  (3.34) 
and  (3.37)  of  Ref.12.  Since  from  Eqs.(3.31)  of  Ref. 13 

we  have  E^  ■  0,  when  the  plate  deflection  w^  has 

been  found,  we  know  the  three-dimensional  strain  field 
from  the  relation 

^  “  2  ^WL,K  +  WK,L^  “X2EKL)  *  ^3,8) 

as  in  Eqs,(3.32)  of  Ref. 13. 

Although  we  now  have  the  plate  strains  from  (3.8), 
we  cannot  yet  determine  the  Cj^ja  ^roa  because, 

as  noted  in  Ref. 13,  we  need  the  displacement  gradients 


we  have  the  desired  three-dimensional  displacement 

gradients  when  the  plate  deflection  w^  lias  been 
found. 

4.  Unconstrained  Variational  Principle  for 
Static  Flexure  of  Plates 

In  this  scctlcn  we  present  the  unconstrained 
variational  principle  for  static  flexure  of  thin  plates, 
in  which  all  conditions,  including  constraint-type  edge 
conditions,  appear  as  natural  conditions.  This 
principle  is  required  for  the  •''■rmlr.ation  of  tho 
flexural  biasing  state  for  rigid  edge  supports  using 
the  new  approximation  procedure  we  employ.  Before 
proceeding  with  the  variational  principle  we  consider 
it  advisable  for  clarity  to  discuss  the  plan  view  of  a 
plate  shown  in  Fig.l.  The  edge  of  the  plate  consists 
of  two  smooth  curves  with  outward  unit  normal  NA'  which 

intersect  at  and  C^,  and  we  denote  the  entire  closed 

circuit  by  c.  Some  portions  of  the  edge  ore  supported 
and  other  portions  are  subject  to  prescribed  loadings, 
which  may  vanish  in  any  part.  The  portions  of  the  edge 

which  are  supported  have  w^  and  prescribed 

whore  n  =  H^X^,  and  are  denoted  c^.  The  portions  of  the 

edge  which  are  subject  to  prescribed  loadings,  idiich 
consist  of  bending  moments  m,  twisting  moments  t  and 

vertical  shearing  forces  v,  are  denoted  c^.  The  _ 
corner  is  subject  to  a  prescribed  vertical  force  T 

and  the  corner  C2  is  subject  to  a  prescribed  corner 
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displacement  4s  usual,  in  order  that  all 

variation*  may  be  regarded  a«  independent  when  eon- 
atra'nt*  exist,  ve  introduce  each  constraint  as  a  aero 

tines  a  Lagrange  multiplier6' 7'14» 15  in  the  variational 
principle.  Accordingly,  the  variational  principle  for 
static  flexure  of  thl-  plates  nay  be  written  in  the 


3* 


dS  + 

(0) 


(4.1) 


where  S  denotes  the  area  of  the  plate, 

u.±k<1)w(0)  K(i)..  i»iiY  w(0)  2) 

2  *AB  "2,AB  ’  *AB  3  YABCDW2,CD»  (4*Z> 

®2 

and  X,  and  X  are  Lagrange  undetermined  multipliers. 


Taking  the  variations  in  (4.1)  and  Integrating  by 

parts  and  using  the  surface  divergence  theorem17  twice, 
we  obtain 


.(0) 


-«Al)+'+ £H0) + »A  - ; =>  •  HH d* 


■<°> .=<°> .  *.<»>/*. S<«/* 

(4.8) 

-<°>.5<<l>  «e,. 

(4.9) 

and  the  Lagrange  multipliers 

(4.10) 

11 "  Vab^b*  x  *  "mm.  ~mm*  * 

(4.11) 

Thus  it  is  clear  that  the  variational  principle  (4.1) 
with  unconstrained  variation*  yields  the  differential 
equation  (3.1),  the  natural  edge  and  corner  conditions 
(4.5)  -  (4.7)  and  the  constraint-type  edge  and  corner 
conditions  (4.8)  and  (4.9).  In  addition,  the  Lagrange 

multipliers  X,  p  and  XC*  have  been  expressed  in  terms 
of  derivatives  of  w^  in  (4.10)  and  (4.11).  Conse¬ 
quently,  the  variation*  6X,  {ji  and  6X**Z  may  be  obtained 

fre xe  (4.10)  and  (4.11)  and  substituted1^  in  (4.3), 
which  may  \hen  be  used  for  obtaining  an  approximate 
solutton  (or  ’.he  flexural  biasing  state  without  any 
4  5 

a  priori  conditions  *  on  the  approximating  functions, 

5.  Flexure  of  Rectangular  ST-Cut  Quart!  Plate 
Rigidly  Supported  Along  the  Edge* 

A  plan  view  and  cross-section  of  the  rigidly- 
supported  rectangular  plate  is  shown  in  Fig. 2  along 
with  the  coordinate  system.  The  substitution  of  (3.3), 
(3.4)  and  (3.7)3  in  (3.1)  yields  the  equilibrium  equa¬ 
tion  for  flexure  of  the  thin  plate  in  the  form 

3  h  YABCDW2,CnAB  +  21,p“3"°  '  ^ 


+  i  •  »«C  -  v“’  -  »<»20> + <v»», 

c 

♦  »%**»<*  -.*•><*>  -0,  (4.3) 


where 


■  vS’-i- 


(4.4) 


Since  the  plate  is  rigidly  supported  along  the  edges, 
the  boundary  conditions  take  the  form 

w^  ■  0,  w^  "  0  at  X^  “dta  ,  -b<X^<b, 

vj^-0,  vj^-OstXj-ib,  -a<X1<a.  (5.2) 

Since  as  already  indicated  the  problem  defined  in  (5.1) 
and  (5,2)  cannot  be  solved  exactly,  an  approximation 
procedure  is  employed.  To  this  end  we  first  transform 
the  inhomogeneity  from  the  differential  equation  (5.1) 
into  the  boundary  conditions  (5.2)  by  writing 

w(O).0<O)+A(X2-a2)(X2-b2),  (5.3) 


and  «/c  denotes  a  unit  vector  tangent  to  c  in  the 

counterclockwise  direction.  Since  on  account  of  the 
use  of  Lagrange  multipliers  with  the  constraint  condi¬ 
tions  all  variations  in  (4.3)  are  arbitrary,  we  obtain 
(3.1),  the  natural  edge  and  corner  conditions 


Vs+NBKi;,)A+¥i1)-+|0n  cN* 

(4.5) 

nakabV5  oncN* 

(4.6) 

—  -f  — 

(4.7) 

^s'^s-1  atCl' 

the  natural  form  of  the  constraint-type  edge  and 
comer  conditions 


which  when  substituted  into  (5.1)  yields 

Yll”2°iUl  +  2<Y13  +  ^55^133  +Y33^3333  “  °»  <5’*> 

since  for  ST-cut  quartz  Y15-Y35“0  and  A  has  been 
selected  as 

A  -  -  3pa2/8h2(Y13  +  2Y55)  .  (5.5) 

lhe  further  substitution  of  (5.3)  into  (5.2)  yields 
the  edge  conditions 

w£0) -0,  »- 2AX1(X2-b2)  atXj-ia, 

-b<X3<b,  (5.6) 

0<O)  -  0,  -  -  2AX3(X2  -  a2)  at  X3  »±b  , 

-a<Xl<a. 
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(5.7) 


A*  a  solution  of  (5.4)  consider  the  finite  sum 
X 

520>  “  I  Dn  co*h  Vl  eo*  vnX3 »  <5*8) 

n»l 

where  vR  ■  n«/2pb  and  p  la  chosen  eo  be  an  irrational 

number  in  order  that  neither  cos  v  b  or  sin  v  b  vanish. 

n  n 

The  substitution  of  (5.8)  into  (3. A)  yields 

^  (y13  +  **55*  *^13  +  ^55^  *  Y11Y33]/Yll »  <5, 9) 

for  each  n.  Equation  (5.9)  has  two  positive  independent 
roots.  The  two  negative  roots  yield  the  same  respective 
solutions  as  the  two  positive  roots  because  of  the  font 
of  (3.8).  Hence,  as  a  solution  of  the  boundary  value 
problem  we  nay  write 

«P  ■  t  <»"’  —  ♦ 

n"l 

D^2)  cosh  T^2)X1)cos  VnX3,  (5.10) 

where  and  are  amplitude  coefficients  still  to 
n  n 

be  determined  and 


(5.11) 


provided 


By  requiring  (3.6).  to  be  satisfied  for  each  n,  we 
obtain 


Dn2)  "  SnDil)  *  Sn  “  ‘  cosh <W)/eo* (82Vna)  » 


(5.13) 


readily  obtained  fro*  (A.  10)  and  (4,11)^.  Substi¬ 
tuting  from  (5.3),  (5.16)  and  (5.2)^,  width  has  been 
satisfied  exactly,  into  (5.15)  and  employing  (3.3),,, 

(A. 10)  and  (A.ll)^,  we  obtain'* 

2  ♦w.- * 

2A(X2-a2)X3^  ^  dXL 

*  I  [*<2«1V  +  *39,3*2  '  +  «»(*$  + 

2A(X?  *  a2)X-Y]  dX. 

3  JX,—b  1 

+  J  «. 

-b  '  x,“a  3 

*'•  ^1  'a  (5.17) 

where  the  are  obtained  from  (4.2)2  with  Wj°^ 

instead  of  w^  since  A  is  fixed  and  the  variation  of 

prescribed  quantities  vanishes.  Substituting  from 
(5.1A)  into  (5.17)  and  performing  the  Integrations,  we 
obtain 

H  N  N 

Zy  a  D  tD  +  y  b  ID  >0.  (5.18) 

L  mn  m  n  L  n  n  * 
n»l  m-l  n«l 

where  the  expressions  for  the  a_  and  b_  are  too 
•  c  ran  n 

lengthy  to  present  here13.  Since  the  variations  6Dn 
are  arbitrary,  we  obtain 


the  substitution  of  which  in  (5.10)  enables  us  to  write 


n-1,2, 


(5.19) 


11 

“20)"  1  VC°sh  8lVl  +Sn  COsh  g2VnXl>  cos  VnX3  ' 

n"1  (5.1A) 

as  the  approximate  solution  function,  where  we  have 
taken  the  liberty  of  eliminating  the  superscript  (1) 

on  the  D  . 
n 

Since  the  solution  (5.3)  with  (5.1A)  satisfies  the 
differential  equation  (5.1)  exactly  and  all  edge  condi¬ 
tions  are  of  constraint  type  but  in  natural  form  all 
that  remains  of  the  variational  principle  given  in 
(A. 3)  is 

*«»  3w(0) 

{ [«sP-P»*%&~  ^r)]d. 

♦  «X°2<;<0>C2-»<0>C2)-«,  (5.1S) 

in  which 

v<0)  -  — 2n~  -  wfC2-°  on  cC  ,  (5.16) 

and  since  (5.2)^  Is  satisfied,  we  have  w2®^C2»0  and 

the  term  in  (5.15)  which  Is  not  under  the  integral 
sign  vanishes.  The  required  variations  t>\  and  6p  are 


which  constitute  N  inhomogeneous  linear  algebraic  equa¬ 
tions  in  the  N  unknowns  D  .  the  inversion  of  which 
m* 

gives  the  approximate  solution.  Convergence  is  dctcr- 
tcrmlned  by  increasing  the  number  N  and  comparing  the 
solution  for  N  with  that  for  N  -  1. 

The  center  displacement  and  the  edge  conditions 
which  are  satisfied  approximately  in  the  variational 
equation  (5.17)  versus  N  are  shown  in  Table  I.  It  can 

be  seen  from  the  table  that  w^(0,0)  has  converged 

extremely  well  before  N»20.  The  quantities  in  the 

other  three  columns,  i.e.,  w«°^(0,b),  wi°,(a,0)  and 
(0)  ^  *■ 
w2  3(0,b),  are  supposed  to  vanish.  The  table  shows 

that  for  N  ■  20  the  quantities  have  been  reduced  by 
three  and  two  orders  of  magnitude,  respectively,  from 
the  values  calculated  from  the  lowest  N  considered. 

However,  while  wl®^(0,b)  is  down  to  the  order  of 
-15  i 

1A  *•'  _  »  t  - 1  j  _  j- _ _ s _ _  e  _  >  .  ..  i  «  « _ 


10  ra,  which  is  four  orders  of  magnitude  below 
w2  *(0,0),  w2  ^(3,0)  and  w^°^(0,b)  are  down  only  to  the 

orders  of  10'^2  and  10”*®,  respectively.  This  is 
as  expected  since  differentiation  always  reduces  the 
18 

rate  of  convergence  .  The  oscillation  in  sign  shown 
in  the  last  three  columns  of  Table  I  is  a  result  of 
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the  feet  that  each  of  the  quantities  U  evaluated  at 
one  point  frew  a  sum  of  oscillating  functions.  The 
calculated  centerline  deflection  of  the  plate,  l.e., 
at  Xj-0,  la  plotted  as  a  function  of  X^  In  fig. 3. 

6.  Keaonant  Surface  Wave  Mode  Shape 


for  a  narrow  vicinity  of  the  aero  crossing,  the  normal 
acceleration  sensitivity  calculated  for  the  case  of 
sinple-supports  Is  an  unrealistic  significant  over¬ 
estimate,  as  noted  In  Rcf.l. 

Actinawlederienca 


In  this  section  we  present  the  proper  continuous 
representation  of  the  aeoustlc  surface  wave  mode  shape 
In  resonators  with  grooved  reflectors,  whleh  was 
2  3 

obtained  In  recent  work  ’  .  the  straight-crested 
surface  wave  displacement  field  may  be  written  In  the 

known  fons^' 


iS(X.-Vc) 

uJ.orJ(X2)e  »ffJ 


l  C«A«t 


l\h 


(6.U 


A  plan  view  of  the  resonator  showing  the  reflecting 
arrays  of  grooves,  the  coordinate  system  and  the 
associated  planar  geometry  la  shown  In  fig. 2,  and  we 
note  that  the  plane  X2«0  denotes  the  ungrooved  surface 

of  the  subscrote  ard  the  axis  points  down.  It  has  been 
shown2’ ^  that  the  variable-crested  resonant  surface  wave 
mode  shape  with  variable  amplitude  along  the  transmis¬ 
sion  path  Is  very  accurately  approximated  by 


nx. 


Uj  -  cos  ~  Re[orj 

*1  (X2 


ISfX^s) 


Cf.fX^C^X^e  1  ]( 


-lac 


(6.2) 


where  the  variations  along  the  transmission  path  are 
given  by 


r  -»  N  -3,X  -ffjN  -g.x  ,  _ 
C(Xl>"Lrle  1  C  l'r2c  2  e  lJC/d’ 

r  *0fiN  *e2xi  '“2n  *Mn  - 

CL(Xl)  - r^e  1  e  1  -c  2  c  1  XJ  C/d .  (6.3) 


In  (6.3)  C  denotes  the  amplitude  of  the  Input  wave,  N 
denotes  the  number  of  grooves, 

-cr.N  -a,  N 

d-rjC  -r2c  ,  2-Of]L  2N/(X  -  s)  ,  (6.6) 

and  a.  _  and  r.  .  are  given  In  Hqs.(26)  and  (28)  of 

1,4 

Ref. 2.  The  amplitude  of  the  standing  surface  wave 
mode,  l.e.,  the  part  multiplying  cos  wt,  along  the 
transmission  path  Is  plotted  In  Fig. 4. 


7.  Acceleration  Sensitivity 

From  Sec. 6  we  now  know  gy  and  from  Secs. 3  -  5  we 
know  f°r  normal  acceleration,  l.e.,  for  flexure 

with  rigidly-supported  edges.  Hence,  we  con  now  evalu¬ 
ate  H  in  Eq. (2.10).  Such  calculations  have  boon 

d  21 

performed  using  the  known  values  of  the  second  order 
22 

and  third  order  elastic  constants  of  quartz  for  the 
case  of  normal  acceleration,  l.e.,  flexure  with  rigid 
edge  supports,  and  the  acceleration  sensitivity  is 
plotted  as  the  solid  curve  in  Fig. 5  as  a  function  of 
the  planar  aspect  ratio  a/b.  It  can  be  seen  from  the 
figure  that  the  acceleration  sensitivity  goes  through 
zero  for  a  value  of  a/b  of  about  4.9.  In  addition, 
the  normal  acceleration  sensitivity  for  the  unrealistic 
case  of  simple  edge  supports  obtained  from  Fig. 5  of 
Ref.l  is  plotted  as  the  dotted  curve  in  Fig, 5  of  this 
work.  It  can  be  seen  from  the  figure  that,  except 
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TABLE  l  -  CENTER  DISPLACEMENT  AND  VAR1ATIONALLY  SATISFIED  EDCE 
CONDITIONS  VS.  NUMBER  OF  TERMS  IN  SERIES 


(a  ■  b  ■  5  n«n;  a^ 

■  1  8) 

N 

w2(°,0) 

v2(0,b) 

v2  ^  (a,  0) 

w23(0,b) 

2 

-7.35  xl0’u  m 

3.75X10'l2m 

3. 27  xlO-9 

3.53X10-8 

6 

-7.76 

-1.23X10'11 

-3. 22  XlO'9 

2. 63  XlO'8 

6 

-7.54 

-9.05  XlO'12 

1.65X10'10 

2.60X10'8 

8 

-5.12 

1.75  XlO'12 

2.16X10'9 

6.71 X 10'9 

10 

-6.66 

3.00x10' 13 

2.89X10" 10 

1.03  XlO'9 

12 

-4.66 

4.13  XlO'15 

-1.01  XlO'10 

3.22  XlO'10 

16 

-4.617 

-8.26X10'13 

-1.45  XlO'11 

-2.14  XlO'9 

15 

-4,6411 

-3.65X10'15 

-1.54  xlO'11 

2.77  XlO'10 

16 

-4.6413 

2. 92X10' 14 

-6.19  XlO'12 

3.43  XlO'10 

17 

-4.6410 

-1.78  XlO'14 

-1,18  x 10'12 

2.54  XlO'10 

18 

-4  .  6404 

-4.11  XlO'15 

-12 

-1.41x10  14 

2. 12X10' 10 

19 

-4.6406 

4.11  xlO'15 

-12 

-2.55x10  14 

2.50X10' 10 

20 

-4.6406 

-3.40  XlO'15 

2.82  X 10'12 

2.16x10' 10 
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Figure  4  Amplitude  of  Resonant  Surface  Wave  Mode  Along 
Transmission  Path 


I  2  3  a  5  6  T 


Figure  5  Calculated  Normal  Acceleration  Sensitivity 
Verau*  Planar  Aspect  Ratio  a/b  for  Rigid 
Edge  Supports  (Solid  Line)  and  Simple  Edge 
Supports  (Dotted  Line) 


Figure  2  Plan  View  and  Cross  Section  of  Rectangular 
ST-Cut  Quartz  Plate  Rigidly  Supported  at 
the  Edges 


Figure  3  Centerline  Deflection  of  Plate  (X,  =  0) 
Versus  X1  3 
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4Ue  Annual  Frequency  Control  Sysposluss  -  198? 


FORCE  SENSITIVITY  Of  TRARfCP  CNE8CY  VIBRATIONS  IN  A  CCNTOURCO  RESONATOR 


8.  BOURQUIN  and  8.  OULMET 

Ecole  National*  SupEritura  dt  Mcaniqo*  at  das  Nicrotechniquei 
La  Bouloi*,  Rout*  d«  Cray,  25030  BESANCON  CEOEX,  FRANCE 


ABSTRACT 


Th«  fore*  sensitivity  of  thickness  shesr  mod*  in 
quartz  resonators  is  an  essentially  non  lintar  affact 
•rising  (com  the  non  linearities  of  the  stress- 
strain  relations  for  the  material,  as  well  as  fro* 
the  superposition  of  the  static  and  dynaaic  strains. 
That  sensitivity  can  accurately  be  predicted  by 
a  first  order  perturbation  integral  with  depends 
on  both  of  the  static  and  dynaaic  fields  in  the 
resonator. 

Hera,  w*  study  the  case  of  a  circular  contoured 
resonator  subaitted  to  a  diaaetral  compression. 
The  study  is  extended  to  the  case  of  AT-Cuts  (C 
■ode)  and  SC-Cuts  (8  and  C  aodes),  for  overtone 
aodes  as  well  as  for  anharaonic  aodes,  the  maximum 
aaplitud*  of  which  does  not  occur  at  the  center 
of  the  disk.  The  perturbation  integral  is  performed 
over  the  whole  bulk  of  the  resonator,  in  order  to 
take  into  account  the  non-hoaogeneity  of  both  of 
the  vibration  and  the  static  strain. 

Theoretical  results  giving  the  Ratajski's  coefficient 
K,  versus  the  azimuth  of  the  acting  force  are  presented 
and  compared  to  experiments. 


INTRODUCTION 


Some  previous  studies  have  predictec  the  force  sensiti¬ 
vity  of  the  quasi  thickness  shear  vibrations  (1,2] 
and  also  of  other  vibrations  (3,4]  .  Such  a  sensitivity 
arises  from  the  acoustoelastic  effect,  which  is 
defined  as  the  dependence  of  the  speed  of  an  acoustic 
wave  versus  a  static  bias  on  which  the  vibration 

is  superimposed  [5J.  Then,  the  motion  of  any  infinitesi¬ 
mal  element  of  the  body  results  from  the  stresses 
increments  off  their  static  values,  according  to 
the  main  law  of  dynamics.  For  a  convenient  solution 
of  the  corresponding  balance  equations,  the  dynamic 
mechanical  displacement  is  selected  as  main  field 
of  unknowns.  In  this  purpose,  the  incremental  dynamic 
stresses  should  be  expressed  in  terms  of  the  partial 
derivatives  of  the  dynamic  displacement.  The  correspon¬ 
ding  expansion  is  governed  by  a  set  of  effective 

elastic  coefficients,  which  depend  on  the  biasing 
state.  The  material  elastic  coefficients  which  characte¬ 
rize  the  propagation  medium  and  are  unaffected  by 
the  bias,  may  be  defined  as  the  partial  derivatives 
of  the  strain  energy  density  (scalar)  versus  the 
total  lagrangian  strains  (second  rank  tensor)  in 
a  Taylor  series  expansion.  Such  a  definition  ensures 
correct  tensorial  properties  for  the  material  coeffi¬ 
cients.  Uhen  the  vibration  tends  to  be  infinitely 
small,  the  .  above-mentionned  effective  coefficients 
*n  terms  of  the  material  elastic 
coefficients  of  the  second  and  third  orders,  and 
in  terms  of  the  partial  derivatives  of  the  biasinq 
(static)  displacement  16]. 


The  boundary  surface  shape  is  affected  by  the  biasing 
state.  This  fact  would  strongly  increase  the  difficulty 
of  properly  describing  the  boundary  conditions, 
unless  we  refer  the  stress  tensor  at  any  point  on 
the  boundary  surface,  and  also  inside  the  bulk  of 
the  body,  to  the  corresponding  material  surface 
element,  evaluated  in  the  natural,  unstrained,  state 
of  the  body  f?J  .  Such  a  choice  precisely  defines 
the  kind  of  elastic  coefficients  needed  for  this 
study  (6J. 

The  subject  of  the  present  paper  consists  in  studying 
the  frequency  shift  of  a  thickness  shear  vibration 
in  a  quartz  resonator  submitted  to  a  diametral  compres¬ 
sion  :  the  static  bias  is  not  homogeneously  distributed 
in  such  a  case,  thus  leading  to  local  expressions 
of  the  effective  elastic  coefficients  inside  the 
resonator.  Nevertheless,  the  relative  difference 
between  effective  and  material  coefficients  exhibits 
the  same  order  of  uugnitude  as  the  static  strain, 
i.e.  less  than  10  {a  corresponding  value  to  the 
breaking  stress).  Therefore,  it  appears  very  logical 
to  adopt  a  perturbation  method  to  determine  the 
small  frequency  shift  induced  by  the  biasing  strain 
OBJ  •  The  force  sensitivity  is  then  given  by  a  bulk 
integral,  the  parameters  of  which  are  the  second 
and  third  order  material  coefficients,  the  mass 
density  and  the  partial  derivatives  of  the  static 
and  dynamic  displacements  with  respect  to  the  material 
coordinates  taken  in  the  natural  state.  Because 
only  trapped  vibrations,  induced  either  by  contouring 
the  plate  or  by  the  mass  loading  effect  19]  ,  are  of 
interest  for  high  Q  vibrations,  the  vibrating  region 
of  the  most  commonly  employed  modes  is  confined 
in  the  central  region  of  the  plate.  As  a  consequence, 
instead  of  performing  a  complete  integration  over 
the  whole  bulk  of  the  resonator,  previous  modellings 
commonly  calculate  the  force  sensitivity  by  means 
of  the  local  equations  of  the  acoustoelastic  effect, 
merely  evaluated  at  the  precise  center  of  the  plate. 

In  the  present  paper,  the  whole  integration  is  retained 
in  the  modelling.  Our  field  of  interest  is  restricted 
to.  the  case  of  contoured  resonators,  but  from  any 
cristal'lographic  orientation.  Ue  stick  to  enlightening 
the  differences  between  the  results  obtained  by 
means  of  the  here  presented  method  and  the  most 
generally  employed  one,  rather  than  attempting  to 
improve  the  solution  of  either  the  dynamic  or  the 
static  separate  parts  of  the  problem (lOj.  Especially, 
some  investigations  have  been  made  about  the  behavior 
of  the  anharmonic  modes,  the  extent  of  which  far 
exceeds  the  restricted  central  region  of  the  plate. 
Actually,  these  modes  are  not  expected  to  exhibit 
the  same  behavior  as  the  well  known  "metrologic" 
modes,  mostly  employe-  in  pratical  applications. 
This  point  is  confirmed  oy  first  experimental  results, 
included  in  the  present  study. 


The  preceeding  topics  are  involved  on  elaborating 
the  wave  propagation  equations  as  second  order  partial 
differential  equations  of  the  dynamic  displacement. 
The  pertinent  conditions  at  the  boundary  surface 
of  the  studied  finite  resonator  should  be  added 
to  the  former  equations  in  order  to  determine  the 
resonant  frequencies. 


1  Basic  Equations 

Disregarding  the  piezoelectric  interaction,  the 
equations  of  the  more  general  electroelasticity 
for  small  fields  superposed  on  a  bias  [6]  reduce  into 
the  following  equations,  valid  for  acoustoelasticity 
problems  : 


CH24 27-3/87/0000-289  $1.00  C  1987  IEEE 


289 


»  oTP 


,  3  Pil  .« 

01  "^^UJ 

.  i  *  3U 

(2)  «  (Cjjw  ♦  C{Jkt  )  -  J 

*3)  Eijkt  "  {  **jl  Cik*»o  *  Cijk?flfl)  Emn  * 

cii*k^ 

«.  8,.  **p 

where  P  dsnous  th«  dynamic  stress  Piola  tensor 
, 7j  p  is  the  mass  density  in  the  neturel  stete, 
{4wt  °4r^  C{{.  .  ere  components  of  the  second 
Ad^Jihird  order"  after iel  elastic  tensors  (tabulated) 
end  C{{.  (  is  the  increaent  of  the  effective  coefficient 
froa  'the  aeteriel  coefficient,  while  E  indices* 
e  coaponent  of  the  static  strain  tensor  m 
a,  denotes  a  current  coordinate  of  a  aeteriel  point 
of  the  body  in  the  natural  state,  any  stress  free. 
The  biasing  state  transforas  it  into  a,  ♦  w.,  thus 
defining  a  new  position,  often  called  "initial" 
position  (despite  of  the  "initial"  tern  is  soaewhat 
confusing).  In  the  actual  state  (bias  <•  vibration), 
the  current  coordinate  of  the  saae  aeteriel  point 
bccoaes  a.+Wj+u,.  If  there  is  no  dyneaic  stress 
acting  on1  the  'boundary  surface  of  the  rssonator, 
the  boundary  conditions  in  tha  reference  axes  of 
the  natural  state  express  in  the  following  manner: 

(4)  Nj  P{j  -  0  on  S0 

where  S  is  the  boundary  surface,  defined  in  the 
natural  0  state,  and  N.  the  corresponding  normal 
unit,  outwardly  directed.  The  set  of  above  equations 
is  obtained  from  the  more  general  equations  of 
Sect  11  of  Ref  f8j  .  It  is  consistent  with  equations 
appearing  in  Sect  11  of  Ref (3)  obtained  in  a  different 
but  straightforward  manner  applicating  a  variational 

principal  onto  the  kinetic  and  strain  energy  densities. 
In  addition,  we  took  the  liberty  of  assuming  that 
the  static  strain  itself  is  sufficiently  small 
to  allow  a  linear  expansion  of  the  stress  vs.  strain 
relationship.  Because  the  incremental  coeffi¬ 

cients  are  not  constant  inside  the  bulk  of  the 
resonator,  the  above  equations  (1),  considered 
as  second  order  partial  differential  equations 

in  terms  of  0-  with  respect  to  the  coordinates 
a.,  are  governed'  by  locally  varying  effective  coeffi¬ 
cients.  Generally,  those  differential  equations 

can  not  be  exactly  solved  through  a  direct  method. 
Instead,  we  adopted  the  perturbation  method  proposed 
by  Tiersten  in  Sect.  11  of  Reffe).  Then,  if  uadenotes 
the  associated  displacement  of  .a  resonant  .mode 
of  angular  frequency,  the  frequency  shift  induced 
by  the  bias  is  simply  given  by  the  following  formula: 

(5)  Ay  1  /vo  W  jgfav  *>ai  dv. 

“  '  /V  P  G«  dV 
O  o 

where  the  volume  Vofthe  studied  resonator  is  calculated 
in  the  natural  state.  Because  the  basic  formulas 
(1-4)  derive  from  a  rotationnally  invariant  formulation 
nil  ,  the  perturbation  integral  (5)  can  be  evaluated 
in  the  reference  frame  (0,  a?,  Tfc,  ”al)  defining 

the  studied  doubly  rotated  cut  In  the  natural  state. 
Then,  the  plate  normal  direction  is  given  by  the 
natural  coordinate  a2  (See  Fig.1).  Since  we  deal 
with  essentially  thickness  modes  f 9j  ,  we  are  allowed 
to  only  retain  the  subscript  values  k  =  i  =  2  in 
the  repeated  indexes  sum  of  (5),  thus  defining 
the  approximate  basic  formula  of  the  present  analysis. 

II  Static  Fields 

To  compute  the  above  integral  (5),  we  need  to  know 
the  static  strain  as  well  as  the  displacement  gradient 
in  a  quartz  disk  submitted  to  two  compression  forces 


acting  on  a  diameter.  In  this  paper,  i  denotes 
the  azimuth  of  the  forces,  countcrclokwise  counted 
in  the  above  mentionoed  doubly  rotated  frame.  For 
convenience,  we  assume  that  the  static  stresses 
distribution  is  not  strongly  affected  by  the  anisotropy 
of  quartz.  Then,  the  static  stresses,  in  Piola's 
meaning,  can  readily  by  expressed  in  a  new  coordinates 
system  (0,  a!,  ai,  ai),  obtained  from  the  doubly 

rotated  system  by*  performing  a  third  rotation  of 
angle  V  around  the  plate  normal.  Then,  the  static 

stress  Piola  tensor  in  the  natural  coordinates 

system  is  qiven  bv  (12}: 

.t  ft  ijiV  .  t°'z-  *i)}  il 

<6>  .  g-A-fo;!1 ,  <0/z.  ± 1  1 

1  ((wy^KaJTjz'o  * 

K .  «S10/Z  .  V  1 

T2  "  T<  ■  T6  ■  °* 

whore  0  is  the  diameter  of  the  disk,  2h  is 
matimum  thickness  at  the  plata  center.  The  acting 

force  F  is  supposed  uniform  along  the  thickness, 
and  the  radius  of  contour  is  sufficiently  large 
to  be  disregarded  in  this  part  of  the  analysis 
In  these  equations  and  in  what  follows,  the  usual 
contraction  of  indexes  is  used  (uppercase  indexes). 
Although  the  compatibility  equations  of  an  isotropic 
medium  were  needed  to  obtain  the  above  expressions 

(6)  ,  we  derive  the  static  strains  from  (6)  through 
the  proper  anisotropic  stress  vs. strain  inverse 
relations  for  quartz  : 

Ei  "  sij  T5 

(7) 

[sijHcbr 

Since  the  material  cannot  be  simultaneously  isotropic 
and  anisotropic,  such  a  method  is  not  selfconsistent, 
although  it  is  a  very  common  practice.  Especially, 
the  static  displacement  cannot  be  integrated  from 
the  whole  set  of  static  strains.  Nevertheless, 
disregarding  the  strain  components  E.  and  E,,  generated 
by  anisotropic  properties  of  quartz,  we°can  deduce 
the  static  displacement  derivatives  from  the  restricted 
set  of  E-,  E,  and  Eg  strains,  with  help  of  an  additio¬ 
nal  condition  to  avoid  the  rotation  of  the  plate. 
Because  of  the  above  mentionned  inconsistency, 
the  final  results  slightly  depend  on  the  choice 
of  that  additional  condition.  In  the  results  presented 
in  this  paper,  we  considered  that  the  displacement 
w.  vanishes  at  every  point  of  the  diametre  8*0. 

Hence,  we  obtain  the  following  approximate  expres¬ 
sions  for  the  static  displacement  derivatives  in 
the  current  frame  : 

•g  *i 

3w'/3a'  =  /(3E'/3a')  da'  *  S'j  /  (3T'/3a')da' 

(8)  0  0 

3wj/3a'=E'  ;  Iv'/ds'fO  ; 

fc'/3a'*E'  ;  Swj'/Sa',  =  E' -3w{/3a'  ;  3w'/3a'*E' 

Using  these  expressions  implies  that  the  remaining 
derivatives  3wi/  3al  and  3wl/3al  are  essentially 
odd  functions  of  and  tfre  corresponding  terms 
give  no  contribution*  to  the  integral  15)  since  they 
are  associated  in  it  with  dynamic  quantities  being 
even  functions  along  the  thickness. This  simplification 
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occur*  from  only  retaining  k  ■  i  ■  2  in  expression 
(Si  .  The  partial  dtrivativai  of  the  mechanic*' 
displacement  constitute  a  second  rank  tensor,  so 
that  the  corresponding  quantities  can  easily  be 
obtained  fr on  (81  in  the  doubly  rotated  frame  in 
which  the  basic  integral (S) is  calculated. 


to  perform  the  reverse  decomposition  from  the  transfor¬ 
med  displacement  component  expressed  in  the  (x. , 
axes  to  the  classical  displacement  in  .he  (a:, 
a;)  axes,  since  the  usual  sense  is  required  for 
the  mechanical  displacement  in  the  perturbation 
formalism. 


HlPynmcic  Modelling 


IV  Progr— inq  Techniques 


To  dascrib*  the  vibration  of  a  doubly  rotated  plano¬ 
convex  resonator,  we  used  the  model  recently  proposed 
by  Stevens  and  Ticrstcn  [*J  .  This  model  transforms 
the  component  of  the  mechanical  displacement, 
u,,  to  the  component  u.  in  the  thickness  solution 
eigenvector  system  : 


where  Q.  is  the  r.th  component  of  the  i.th  eigenvector 
for  a  'plant  wave  propagating  along  the  thickness 
direction  of  the  plate.  Such  a  linear  transformation 
leads  to  a  new  **t  of  partial  differential  equations 
in  terms  of  u{  instead  of  0..  These  equations  are 
governed  by  a  'new  s.tt  of  elastic  coefficients  (9x9 
matrix  on  compressing  the  indexes)  we  denote  as 
The  uncompressed  indexes  transformation  lawjs  . 


(10)  Cijkl  "  Cipk* 

Since  ordering  the  eigenvectors  of  the  thickness 
propagation  problem  is  somewhat  arbitrary,  the 
major  transformed  component  of  the  mode  of  interest 
(slow  shear  C  mode,  fast  shear  B-mode)  may  always 
be  denoted  by  u.  by  a  proper  reordering  of  the 
Q..  and  C.,  matrixes.  Then,  according  to  Stevens 
iU  Tiersten's  work  f4]  ,  the  unknown  u.  is  solution 
of  the  following  partial  differential  equation, 
obtained  from  the  asymptotic  dispersion  equation 


where  M  ,  P  ,  Q  are  rather  complex  quantities 
depending  on  "both0  the  overtone  number  n  and  the 
appropriate  C  tensor  for  the  studied  set  of  quasi 
thickness  modes.  2h(a.,  a,)  is  the  current  thickness 
at  any  point  of  the  cotuoured  resoaator.  The  term 
containing  the  mixed  derivative  Du./ Da.  Da,  is 
eliminated  by  using  a  new  coordinates  system  J(x., 
x,)  .obtained  from  (a,,  (O  by  a  rotation  of  angle 
3a  tan"  (-0  /(M  -P  ))  about  the  a.  -  axis.  This 
rotation  angle  vanishes  in.  an  AT-Cutf  In  the  more 
general  case  of  a  SC-Cut,  it  depends  on  the  mode 
(B  or  C)  and  cn  the  overtone  number  and  it  gives 
the  orientation  of  the  mode  pattern.  In  the  latter 
coordinates  system,  the  dynamic  displacement  amplitude 
is  given  by  :  a„  x,2  Bn  x* 

<«>  “,“p-  W  V*  2  V'W' 


sin 
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where  Hm  and  rtp  are  liermite  polynomials  and 


(13)  a  = 
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R  is  the  radius  of  contour  of  the  plano-convex 
resonator.  The  prim  quantities  M  and  P  are  deduced 
from  Mn,  Pn,  Q  f4]and  m  and  p° are  integer  indexes 
corresponding  to  the  number  of  nodal  lines  along 
the  and  X3  axes  [133  •  Eventually,  we  just  have 


If  the  vibration  is  sufficiently  trapped  [14],  the 
mode  pattern  dots  not  depend  on  the  azimuth  of 
the  external  forces.  Hence,  there  is  no  Land  between 
the  symmetries  of  the  static  and  dynamic  displacement 
fields.  Integrating  along  the  plate  thickness  is 
very  easy,  but  a  fully  numerical  method  is  required 
to  integrate  over  the  plane  of  the  disk,  since 
the. n  is  no  means  to  separate  the  integration  variables 
using  either  cartesixn  or  polar  coordinates.  The 
programming  task  should  then  be  optimized  to  avoid 
excessive  CPU  time  We  adopted  the  following  princi¬ 
ples  : 

-the  basic  'ntegral  (5)  is  evaluated  in  the 
usual  frame  of  the  doubly  rotated  cut,  thus 
avoiding  ary  further  computation  of  the  third 
order  elastic  coefficients  whenever  the  azimuth 
Y  is  incremented.  A  polar  integration  is 
done  after  all  occuring  quantities  have  been 
obtained  inside  the  disk,  the  integration 
step  in  polar  angle  being  equal  to  an  integer 
fraction  of  A  Y  chosen  for  the  final  curves. 
Taking  advantage  of  the  isotropic  assumption 
retained  for  the  static  stresses,  this  feature 
allows  a  lar^e  improvement  of  the  computing 
time.  The  main  steps  of  the  calculation  are 
the  followings  : 

-the  static  stress  .values  and  their  derivatives 
with  respect  to  the  a'  coordinate  of  the 
triply  rotated  frame  associated  to  the  current 
azimuth  of  the  force  are  stored  in  an  array 
at  the  beginning  of  the  program. 

-each  time  y  i*  incremented,  those  array  elements 
are  recalled  with  an  appropriate  reordering 
of  indexes,  thus  taking  into  account  the 
connexion  between  A  Y  and  the  step  in  polar 
angle  on  integrating. 

-Thereafter  3w'/V,  3w'/3a'  3w(/3a(  are 

easily  obtained  from  previously  calculated 
quantities  through  the  relations  (8)  and  the 
strain-stress  relationships  (7)  in  the  current 
framu. 

-eventually,  the  needed  static  quantities 
in  C5)  are  obtained  with  help  of  the  proper 

tensorial  rotations. 

-the  _ dynamic  displacement  is  also  stored  in 
an  initial  array,  already  taking  into  account 
the  third  rotation  p  of  Sect. 111.  That  array 
is  also  recalled  on  each  new  value  ofY  . 

-the  results  we  show  at  next  section  have 

been  obtained  with  help  of  an  integration 
step  of  polar  angle  equal  to  5  degrees  and 

a  radial  step  equal  to  R/66.  Then,  a  single 
K,  vs.  y  curve  requires  about  4  minutes  with 
the  minicomputer  we  used.  Some  less  precise 

results  have  also  been  obtained  with  a  desk¬ 
top  computer  and  were  presented  in  a  previous 
paper  (15). 


V  Theoretical  and  Experimental  Results 


To  facilitate  the  comparison  with  results  given 
by  other  authors,  our  results  are  presented  in 
terms  of  Ratajski's  coefficient[1] 


(13) 
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where  f  denotes  the  resonant  frequency. 

The  figures  2  and  3  arc  for  5  MHz,  5-th  overtone, 

AT-Cut  (  0  ■  35*  25',  2h  ■  1  679  mm,  R  ■  150  mm, 

0  w  15  mm).  Figure  2  shows  the  sensitivity  of  the 
C,  5,  0,  0  -  code  calculated  from  the  relation 
IS)  (solid  line)  and  the  sensitivity  merely  calculated 
at  the  center  of  the  resonator  (dashed  line).  As 
we  can  see,  the  curves  are  very  close  together. 

The  crosses  indicate  experimental  values.  The  agreement 
with  calculated  values  is  fairly  good,  excepted 

for  the  values  of  ?  in  the  neighbourhood  of  zero. 

As  explained  by  lee  and  Tang  (10J  ,  this  occurs  from 
assuming  isotropic  properties  on  evaluating  the 
static  stresses  repartition. 

Other  results  are  showns  for  5  KHz,  3-rd  overtone, 

SC-Cut  resonator  (  0  w  35*  15',  $  ■  -  22*  25', 

2h  ■  1  089  *m,  R  «  300  mm,  0  ■  15  mm).  Figures 
4  and  5  are  for  C-modes,  figures  6  and  7  for  B-modes 
The  differences  between  the  calculated  sensitivitie 
at  the  center  of  the  plate  and  those  obtained 

from  the  complete  integral  (5)  are  small  for  overtonns 
and  more  important  in  the  case  of  anharmonic  modes. 
Experimental  values  exhibit  significant  deviations 
from  theoretical  values,  especially  in  the  case 

of  the  B-modes. 


CONCLUSION 


In  the  case  of  the  overtone  modes  (n,o,o)  which 
h  -vc  a  gaussian  distribution  along  the  in  plane 
axes,  the  force  sensitivities  of  the  resonant  frequen¬ 
cies  are  very  near  together,  evaluated  either  by 

integrating  over  the  whole  disk  or  calculated  at 
its  center.  This  is  also  valid  for  doubly  rotated 
cuts.  Having  a  more  complex  mode  shape,  anharmonic 
modes  (i\  a,  p)  are  expected  to  behave  differently 
from  overtone  nodes,  as  well  in  terms  of  maximum 

K,,  as  in  terms  of  the  azimuth  angle  value  correspon¬ 
ding  to  a  zero  sensitivity.  This  is  confirmed  by 
experimental  results,  although  some  significant 
deviations  between  predicted  and  measured  sensitivities 
are  observed  in  the  case  of  doubly  rotated  cut. 

Further  devtfopments  could  improve  the  experimental 
vs.  theoretical  agreement  by  properly  introducing 
the  anisotropy  6f  th t  material  on  determining  the 
static  fields. 
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Appendix 

We  give  the  complete  expressions  of  the  effective 
elastic  coefficients  occuring  in  the  integral  perturba¬ 
tion  in  the  case  of  quasi-thickness  modes  : 

!ms  _L  \  (Ul-2)Z  dVo 

“a  '  Af0p  V  dv0  ™~~ 

where  (with  contracted  notation  of  indices)  : 

C?9  =  V2(C66W1,1+C26W1,2+C46W1,3)+C66K  Ek 
C44  =  T2+2^C46w3,l+C24w;i,2+C44w3,3)+('44K  EK 
E22  =  T2+2  ( C26w2 , 1 +C22W2 , 2"*  C24w2 , 3  ^  C22K  EK 


C49  "  E94  "  C46+W1,1+C24W1,24C44M1,3*C66W3,1+ 
C26w3,2+C46w3,34C46K  EK 

EZ4  "  E42  "  C26w3 , 1 +C22W3 , Z*C24W3 , 3+C46w2 , 1  * 
C24W2,2+C44W2,3+C24K  EK 

C2,  -  C9J,  -  C26w1(14C22wl  t24C24w1)34C66w2 ^4 

C26M2,24C46W2,3*C26K  EK 

where  U.  .*^ 

*’  3*i 
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Summary 

An  AT-cut  quartz  strip  resonator  Is  a  rectangular  plate 
of  quartz,  typically  fully  electroded  In  the  (narrower) 
width  direction.  Strip  resonator  analyses  show  that  the 
X  thickness-shear  vibration  typical  of  AT  quartz 
resonators  can  couple  strongly  to  other  modes, 
principally  X-Y  flexural  modes,  in  these  devices.  These 
couplings  will,  in  general,  cause  deterioration  of  the 
motional  capacitance  and  frequency-temperature 
performance  of  the  resonators.  The  dimensional 
tolerances  necessary  to  assure  repeatable  satisfactory 
performance  of  strip  resonators  has  for  many  years  made 
them  a  second  choice  to  the  more  easily  fabricated 
trapped-energy  resonators.  However,  progress  in  quartz 
grinding  and  etching  technologies  along  with  the 
electronics  industry's  continual  push  towards  smaller 
products  have  gradually  caused  the  strip  resonator  to 
become  the  preferred  resonator  choice  in  many 
applications. 

This  paper  reviews  analyses  of  AT  strip  resonators, 
including  the  predominant  couplings,  and  the  device 
performance  that  may  be  expected. 


Introduction 

For  many  years  now  most  AT  quartz  resonators 
manufactured  have  been  trapped  energy  devices.  In 
these  devices,  the  mass  loading  of  the  electrodes  creates 
an  effective  acoustic  cavity  which  is  confined  to  the 
quartz  region  between  the  electrodes.  The  principle 
result  of  creating  this  cavity  is  that  the  device  operation 
is  essentially  independent  of  the  nature  and  exact 
location  of  the  edges  of  the  plate.  The  resulting  device 
performance  is  then  easily  repeatable  and  largely  free  of 
coupling  to  unwanted  vibration  modes  (activity  dips) 
while  stringent  tolerances  on  plate  size  and  electrode 
location  are  not  required. 

Unfortunately,  trapped  energy  devices  are  not  efficient 
utilizers  of  quartz  real  estate  -  that  is,  the  unelectroded 
area  does  not  contribute  to  the  motional  capacitance  and 
is  in  a  sense  wasted.  The  trend  in  electronic  equipment 
today  Is  towards  miniaturization.  This  means  that  there 
is  a  demand  for  smaller  quartz  devices.  Also,  modern 
photolithographic  device  manufacturing  techniques  which 
take  advantage  of  wafer  scale  processing  relate  cost 
directly  to  device  surface  area.  The  two  factors  add  up 
to  a  demand  for  a  reduction  of  unelectroded  quartz 
surface  area. 

The  obvious  approach  to  reducing  unelectroded  area  is 
simply  to  eliminate  it  -  i.e.  fully  electrode  She  quartz 
surface.  Maximum  utilization  of  surface  area  on  a  quartz 
wafer  is  achieved  by  building  rectangular  devices. 
Combining  these  two  factors,  we  have  the  current 
interest  in  rectangular,  fully  electroded,  (strip) 
resonators. 

The  AT  strip  resonator  is  not  a  new  device,  as  the 
bibliography  at  the  end  of  this  paper  clearly  shows. 
However,  until  recently,  lack  of  convenient  computer 
design  capability  and  lack  of  photolithographic  tolerance 


capability  have  made  production  of  these  devices  an 
unattractive  prospect  -  especially  when  compared  to  the 
more  easily  produced  trapped  energy  devices.  Now, 
however,  both  the  needs  and  the  means  have  matured 
and  many  companies  are  successfully  producing  AT  strip 
resonators. 


Background 

The  simplest  AT  resonator  to  analyze  is  the  one  that 
can't  be  built  -  the  plate  of  thickness  (Y  dimension)  2h 
which  is  Infinite  in  extent  along  the  surface  (X  and  7. 
dimensions).  The  electrical  circuit  couples  only  to  X 
thickness  shear  (TSi)  vibrations  and  these  vibrations  in 
turn  do  not  couple  to  any  other  vibrations.  The 
(fundamental)  resonance  frequency  is  Inversely 
proportional  to  h  and  is  given  by 


ztr  p  ' 

where  all  quartz  constants  are  referred  to  the  AT 
reference  system  and  arc  as  defined  by  Tiersten  and 
r-raythe  (1981). 

The  ratio  of  the  static  to  motional  capacitance  (Cc/Cmot) 
for  the  Infinite  AT  plate  Is  approximately  160. 

If  we  assume  that  only  the  TSI  mode  is  present  for  a 
rectangular  finite  AT  plate,  we  find  that  the 
displacement  wave  function  for  the  fundamental 
vibrational  mode  Is  given  by 

"  ce»(  )  ",n(  “  )  (2) 

where  2Lx  is  the  width  of  the  plate  in  the  X  direction. 
Note  that  the  length  (2I.x)  docs  not  enter  Into  the  above 
equation.  The  resonance  frequency  is  given  by 

“•  (  uo  *  %[£-)*  )*'■  (3) 


TSI  Frequency  vs  1/Lx 
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For  practical  cases,  Lx  »  h  and  therefore  the  frequency 
it  a  slowly  decreasing  function  of  Lx.  Figure  1  shows 
the  functional  form  of  equation  [3]  vs.  1/Lx.  The 
capacitance  ratio  for  this  structure  is  approximately  200. 

Unfortunately,  physical  strip  resonators  do  not  behave  as 
predicted  by  this  simple  model.  Since  the  electrodes 
travel  out  to  the  (X)  edges  and  the  device  width  is  not 
as  large  a  multiple  of  plate  thickness  as  is  typical  of 
round  plate  trapped  energy  resonators,  the  edges  are  a 
non-negliglble  part  of  the  vibrating  system.  At  these 
edges  other  modes  of  vibration  couple  mechanically  to 
the  TSl  mode  and  the  observed  performance  is  often 
very  different  from  the  simple  case.  in  order  to 
understand  the  effects  of  a  second  mode  mechanically 
coupling  to  our  desired  mode,  let  us  postulate  a  simple 
coupled  resonator  system  as  shown  in  Figure  2. 


2  Uncoupled  Resonotors, 


**  til  **«  *.**  S.M  I  l,»l  I, §4  IM  t.M  II 

(idAatq  V~*«) 


Figure  3 


2  Coupled  Resonotors 


drdb 


fa  •  j-r 


fa  •  If  •  3Sf 


Figure  2.  Coupled  Resonator  Model 

The  TSl  mode  is  represented  by  the  left  hand  resonator 
of  figure  2,  and  some  as  yet  unspecified  mode  is 
represented  by  the  right  hand  resonator.  Note  that  we 
only  have  direct  access  to  the  left  hand  resonator  -  all 
of  our  electrical  experimental  information  about  the  right 
hand  resonator  comes  from  observing  the  performance  of 
the  total  system,  as  seen  through  our  access  to  the  left 
hand  resonator.  Anticipating  actual  retults,  we  will 
assume  that  the  left  hand  self-resonance  frequency  is  a 
slowly  decreasing  function  of  a  parameter  P,  while  the 
right  hand  self  resonance  frequency  is  a  rapidly 
decreasing  function  of  the  same  P,  with  the  two 
frequencies  being  the  same  when  P  «  1: 


«  3C  -  35P 


w#J(P  »  1)  •  »#1<P  •  i>  ■  1  IvJ 

Figure  3  shows  these  two  self-resonance  frequencies  as  a 
function  of  P,  which  is  labelled  width  In  figure  3  In 
further  anticipation  of  actual  results! 

Due  to  the  coupling  between  the  resonators  (modes),  the 
observed  resonances  are  not  as  shown  in  figure  3,  but 
instead  are  as  shown  in  figure  4. 


at  at}  at.  at*  IN  «  t.tt  i.at  «.04  i.aa  * » 
Figure  4 

As  may  be  seen,  when  P  is  not  close  to  1,  we  see  the 
two  individual  resonances.  On  the  other  hand,  when  P  is 
close  to  1  the  coupling  perturbs  the  resonances  und  at  P 
■  1  we  do  not  see  any  resonance  at  the  original 
frequency.  Note  alto  that  when  P  is  close  to  1  it  Is 
impossible  to  identify  either  resonance  with  a  particular 
resonator  -  both  observed  resonances  are  resonances  of 
the  total  system. 


Observable  Lmol  vs  Width 

(Ip***«  **  C*»»tW«a<«  Ms) 
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Figure  5 


Figure  5  shows  the  effective  inductance  seen  at  the  two 

resonances  (normalized  to  1)  of  the  coupled  system,  again  *  «J*n  ^  ,,  „  0 

as  a  function  of  P.  This  effective  inductance  is  a*  a*1  (13) 

proportional  to  the  capacitance  ratio  that  would  be  seen 

for  an  actual  quartz  resonator.  As  would  be  expected,  where  the  Pi  are  known  functions, 
for  P  not  close  to  1,  we  see  essentially  only  the 

inductance  of  the  left  hand  resonator.  On  the  other  For  th?  resonator  to  have  a  non-zero  motional 

hand  when  P  is  close  to  1,  we  see  two  inductances  (one  capacitance,  Ux  must  be  even  in  X,  therefore  let 

at  each  resonance)  but  neither  of  them  are  "as  good"  as 

the  inductance  of  the  uncoupled  left  hand  resonator.  **  ■  A*coxtjix>  (14) 


From  the  above  contrived  example  we  would  expect  that 
mechanical  coupling  of  the  TS1  mode  to  other  modes  is 
not  desirable  -  when  the  resonance  frequencies  of  the 
TSl  and  a  coupling  mode  are  close  we  see  multiple 
resonances  and  deteriorated  motional  parameters.  It  is 
reasonable  to  predict  that  frequency-temperature  response 
will  also  differ  from  the  ideal  Beehmann  Curve  AT 
resonator  response.  The  principle  modelling  challenge  in 
the  design  of  AT  strip  resonators  is  to  predict  mode 
coupling  as  a  function  of  mechanical  parameters  -  so 
that  we  may  design  to  best  avoid  It. 


Device  Modellins 


and  from  the  form  of  the  differential  equation 
Immediately  that 

n  *  AyUintpx) 

which  is  odd  In  X. 

This  leads  to  the  homogeneous  system 
[  tr,  -  f,  -  g*>  -A  1  [  a.  1 


A  detailed  account  o'  the  several  device  analyses  which 
have  appeared  in  the  literature  Is  beyond  the  scope  of 
this  treatment,  tt  Is  of  value,  however,  to  summarize  2 
of  these  analyses  so  that  the  underlying  assumptions  may 
be  presented  and  understood. 


Mlndlin's  analysis  (1951)  begins  with  the  (6)  stress 
equations  for  AT  quartz: 


T.  »  T. .  »  C. 


-  c  *  C  — « 


*  5  others,  and  the  (3)  equations  of  motion: 


Equation  (16)  has  2  roots,  each  with  a  corresponding  set 
Ax:  Ay.  In  general,  therefore,  the  solutions  are  a  sum 
over  these  2  roots, 


**  *  £ 

»»■  £  bj-JnCg,*) 

and  again  using  the  boundary  conditions  we  arrive  at  the 
homogeneous  system 


+  2  others. 


Six  ♦  ila  «  ils 

ax  ay  as 


(8) 


The  assumed  boundary  conditions  are  that  T2  ■  0 
throughout  the  (thin)  plate,  that  T4  ■  T6  ■  0  on  the 
major  surfaces,  and  that  T1  ■  T6  ■  0  on  the  X  edges. 

The  X  and  2  displacement  functions  are  assumed  to  be  n 
simple  linear  function  of  y  multiplied  by  some  function 
of  X  and  Z,  while  the  Y  displacement  function  is 
assumed  to  be  only  a  function  of  X  and  Z: 

u*  ■  y*„(x.*>  (9) 


Uy  «  ntx.s) 


(10) 


u,  -  yV.tx.x)  (11) 

We  now  go  through  a  somewhat  lengthy  algebraic 
procedure  of  substituting  the  functions  into  the  equations 
and  then  integrating  over  Y.  Assume  that  since  Lz  » 
Lx  all  partial  derivatives  with  respect  to  Z  are  very 
small  and  hence  ignorable.  We  then  substitute  into  our 
boundary  conditions  and  get  equations  of  the  form 


*x, 1*1  a,,*  a>nl»aLHl  a, 

«*,  *  »,  (19) 


«  0 

Solving  equation  (19)  (that  is,  setting  the  determinant  of 
the  coefficients  •  0)  leads  to  a  transcendental  equation 
with  an  infinite  number  of  roots.  These  roots 
correspond  to  frequencies  of  resonance,  and  their  values 
turn  out  to  be  a  function  of  the  lx:h  ratio  only. 

»,»U 
I.OI1 
l.tll 
1,011 
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Figure  6 


Frequency  vs.  w/h 
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Figure  6  shows  those  roots  (frequencies)  near  the  ideal 
TS1  strip  resonator  frequency  (equation  (3))  versus  t.x:h. 
As  may  be  seen,  the  frequency  response  is  that  of  an 
ideal  TS1  strip  periodically  coupling  to  a  mode  with  a 
very  steep  frequencyMdth  dependence.  Examining  the 
displacement  functions  shows  that  the  TS1  mode  is 
coupling  to  even  overtones  of  X-Y  flexure.  If  we  were 
to  extend  the  axis  of  figure  6  over  a  wider  range  we 
would  further  see  that  the  coupling  is  very  strong  for 
small  values  of  Lx:h.  and  gets  progressively  weaker  as 
lx:h  increases.  (This  "strength"  of  coupling  trend  is 
seen  as  a  gradual  transition  from  coupling  regions  that 
look  like  figure  4  towards  those  that  look  like  figure  3* 

Milsom's  analysis  (1981)  begins  with  the  differential 
equations  obtained  by  combining  the  stress  equations  and 
the  equations  of  motion,  (given  here  only  in  X  and  Y), 


*  C»i7^  *  ,CI*  *  *  0  l2°) 

*  <c„  *  c*«*^  *  * 0  121 1 


Beginning  with  the  observation  that  Ux  Is  even  In  X,  by 
to  satisfy  (20]  and  (21  ]  we  see  mat  Ux  and  Uy  must  be 
of  the  forms 


u*  «  AHcea  tgnM I as  ntgyy 1  {22] 

viy  •  Araint»Hx)cM<»ry>  (23) 

Equations  [22]  and  [23]  satisfy  [20]  and  (21)  exactly, 
leading  to  a  set  of  homogeneous  equations.  Setting  the 
determinant  of  the  coefficients  ■  0  leads  to  a  quadratic 
equation  In  3  unknowns.  By  guessing  at  two  of  these 
unknowns  we  may  solve  for  the  third  -  actually  two 
values  for  the  third  unknown  since  the  homogeneous 
equation  is  quadratic: 

Guess  Calculate 

**•  *r» •  *r»  Kf  •  i  *»«,•  A*, 


The  general  form  of  the  solutions  Is  now 


“*  "  £  *„Anc»««|^x)alnCgr„y> 
ur-£  »„cln(gMKlco»tgyny> 


[24] 

[25] 


The  above  solutions  are  now  substituted  Into  the 
boundary  conditions  at  the  major  surfaces,  T2  ■  T6  ■  0. 
Again  we  arrive  at  a  set  of  homogeneous  equations, 
leading  to  an  equation  which  allows  us  to  reduce  the 
number  of  unknowns  to  1  (again,  2  cases).  The  general 
form  of  the  solutions  Is  now 


v*  "  H  cm':o«,A*«x)5I  a^A^.mtg 

m  n 

m  n 


[26] 

[27] 


Thus  far  wo  are  working  without  any  approximations. 
The  next  step  is  to  substitute  equations  [26]  and  (27) 
into  the  X  edge  boundary  conditions,  Tl  ■  T6  ■  0.  This 
leads,  unfortunately,  to  2  equations  which  cannot  be 
satisfied  for  all  Y,  and  some  approximation  wilt  be 
necessary  in  order  to  continue.  Noting  that  Tl  Is  odd  In 
Y  and  T6  Is  even  In  Y,  we  take  weighted  Integral 
approximations 


/  T^alntX.yMy  «  0  (23] 

/  Tltco»tk„yi,ly  •  0  (29) 


and  we  gel  our  3rd  set  of  homogeneous  equations 
Again,  we  take  the  determinant  of  the  coefficients  and 
set  tl  ■  0.  We  now  have  a  sufficient  numhe*  of 
equations  to  solve  for  all  unknowns.  The  system  Is 
Implicit  and  numerical  procedures  must  be  used  to  adjust 
alt  unknowns  until  this  final  determinant  »  0. 

Once  the  solution  is  complete,  the  motional  capacitance 
may  be  found  by  substituting  the  resonance  frequency, 
Ux,  And  Uy  Into 

„*  f  f  K«*.  b,  xldxdx  1 

CMV  »  JLae-  — 1 JJLZ - 1 —  f30] 

/  J  J  (  M*  *  )  »boiyd* 

Another  parameter  of  interest  may  be  seen  by  examining 
the  denominator  of  equation  (30).  This  denominator  Is 
the  sum  of  the  (kinetic)  energies  of  the  Ux  and  Uy 
vibrations.  Since  these  energies  must  be  calculated  in 
order  to  calculate  Cmot,  it  *.*  an  easy  matter  to  take  the 
ratio  of  these  energies  and  look  for  some  insight  Into 
the  coupled  system  of  resonators. 

The  resonance  frequencies  vs  tx:h  predicted  by  this 
analysis  are  essentially  identical  to  those  predicted  by 
the  Mlndlln  analysis,  (Figure  6). 

Co/Cm  vs.  vv/h 


Figure  7 

Figure  7  shows  the  capacitance  ratio  (Cc/Cmol)  vs  Lx:h. 
As  was  predicted  by  the  simple  circuit  model,  the 
capacitance  ratio  looks  best  away  from  regions  of  strong 
mode  coupling.  The  lowest  value  of  Co/Cmot  is 
approximately  240.  Note,  however,  that  this  lowest  value 
occurs  close  to  a  region  of  mode  coupling,  and 
manufacturing  tolerances  will  make  designing  for  this 
best  capacitance  a  poor  practical  decision. 
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Figure  8 

Figure  8  shows  superposition  of  (he  capacitance  ratio 
and  resonance  frequency  vs  lx:h  curves.  Clearly,  Cmol 
is  best  (and  most  consistent)  away  from  regions  of  mode 
coupling. 


C(TS1>/E<F1)  vs  w/h 


Figure  9  shows  the  ratio  of  the  Ux  energy  to  the  Uy 
energy  (Erat)  vs  Lx:h.  As  may  be  seen,  Erat  peaks  away 
from  regions  of  mode  coupling  -  i.e.  there  is  very  little 


vibrational  energy  in  Uy  away  from  regions  of  coupling. 
Note  also  that  the  magnitude  of  the  peaks  Increases  with 
increasing  Lx:h.  This  means  that  wider  devices,  designed 
for  regions  of  low  mode  coupling,  will  behave  more  like 
ideal  TS1  AT  devices  than  will  narrower  devices. 

Figure  10  shows  Erat  superimposed  on  the  resonance 
frequencies.  Note  that  Erat  peaks  when  Ixth  Is 
essentially  mid  way  between  two  coupling  regions.  On 
the  other  hand,  Erat  does  not  peak  where  Co/Cmot  is 
lowest  (Figure  11). 
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Figure  12.  Typical  Displacement  Functions 
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Figure  12  shows  (he  displacement  functions  for  a  cross 
section  of  *  device.  In  this  esse  Lx:h  was  chosen  so 
that  the  TS1  mode  is  coupling  to  the  10  half-wavelength 
overtone  of  FI  (flexure).  In  figure  12,  Lx:h  is  not 
shown  correctly  -  the  aspect  ratio  was  distorted  to  give 
a  good  perspective  for  the  printed  figure.  The  relative 
Ux  and  Uy  amplitudes  are,  however,  correct. 


Frequency  vs  Temperature 


K  s  T.  some  Cut  os  previous  groph. 


Figure  14 


F  vs  T,  same  Cut  os  previous  graph. 


Figures  13,  U  and  15  show  the  frequency  vs  temperature 
response  which  can  be  expected  from  a  strip  resonator, 
based  on  the  above  analysis.  The  data  for  figure  13  was 
obtained  by  picking  a  value  of  lx:h  (approximately  20.8) 
which  maximizes  Cmot  and  then  adjusting  the  angle  of 
the  AT  cut  to  get  the  desired  response.  This  angle  turns 
out  to  be  approximately  .25  degrees  lower  than  that 
required  for  conventional  trapped  energy  devices.  Figure 
U  shows  the  response  for  a  device  of  the  same  AT  cut 
angle  as  that  of  figure  13,  but  with  lx:h  moved  to  a 
maximum  Erat  point  (approximately  20.2).  Note  the 
significant  change  In  response  for  a  very  small  change  in 
device  dimensions. 

Figure  15  shows  the  frequency  vs  temperature  response 
for  a  device  using  the  same  AT  cut  angle  as  the  devices 
of  figures  13  and  14,  but  with  l.x:h  chosen  for  a  very 
poor  Cmot  (strong  mode  coupling).  In  (his  extreme  case 
the  response  no  longer  resembles  a  Bcchmann  curve,  and 
the  frequency  excursion  is  almost  20C  ppm  over  the  100 
degree  temperature  range  shown. 

A  comparison  of  figures  13  and  15  leads  to  the 
speculation  that  different  frequency  vs  temperature 
responses  might  be  possible  with  the  same  device.  For 
example,  figure  16  shows  a  superposition  of  figure  13  (a 
Bcchmann  curve,  essentially  TS1  device)  with  the 
response  obtained  for  the  same  device  from  the  coupling 
of  the  TS1  mode  to  the  next  lower  FI  mode  (remember 
that  figure  6,  for  example,  only  shows  a  portion  of  the 
full  situation  both  horizontally  and  vertically  -  a  vertical 
line  through  any  point  on  the  axis  will  cross  an  Infinite 
number  of  resonances).  There  are  Interesting 
possibilities  for  a  dual  mode  AT  strip  resona>or  with  one 
mode  acting  as  a  thermometer. 

F  vs  T  for  TS1  ond  next  lower  FI  Mode 


Figure  16 


Neither  of  the  above  analyses  has  considered  length 
effects.  If  the  plate  Is  fully  electroded,  we  may  expect 
a  full  (infinite)  set  of  anharmonic  modes  due  to  (he 
finite  device  length.  Figure  17  shows  the  resonance 
frequencies  vs  lx:h  for  a  few  of  these  modes.  In 
practice  there  will  be  anharmonic  modes  above  the 
operating  frequency  similar  to  trapped  energy  anharmonic 
modes,  and  also  anharmonic  modes  below  the  operating 
frequency.  These  latter  modes  are  actually  higher  order 
anharmonic  modes  of  (he  next  lower  TS1  -  FI  coupling. 

If  the  electrodes  on  the  device  do  not  extend  all  the 
way  to  the  Z  edges  there  will  be  energy  trapping  in  the 
Z  direction  and  a  corresponding  change  in  the  number  of 
anharmonic  modes.  Milsom's  (1981)  analysis  predicts 
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Figure  17 

coupling  lo  a  7.S2  mot!'/  which  mull  lx  taker.  Into 
Account  If  the  energy  ‘rapping  U  10  be  calculated 
correctly. 


F/FO  vs  w/h,  3rd  harmonic  overtone  nr 


Practical  Considerations 


Overtone  Operation 

Mlndlln,  in  1933,  extended  his  previous  analysis  to 
Include  various  types  of  *2idc  couplings  as  well  as  3rd 
harmonic  overtone  operation.  Figure  13  shows  some 
resonance  frequency  vs  lx:h  curves  for  fundamental  mode 
operation  from  this  newer  analysis.  As  may  be  seen,  In 
addition  to  the  previously  discussed  couplings  to  flexure 
(Fn)  there  are  couplings  to  face  shear  modes  (FSn). 
Since  these  latter  couplings  occur  in  the  same  region  as 
flexure  mode  couplings,  they  arc  In  a  region  which  is 
avoided  based  on  flexure  mode  coupling  analyses,  and 
lend  no  new  design  insights. 


Strip  resonators  may  be  fabricated  either  by  grinding  the 
rectangular  strip  from  a  larger  quartz  plate  or  by 
photoltihographlcally  patterning  and  then  etching  the 
strip  from  a  Urge  wafer.  The  latter  approach  Is  to  be 
preferred  both  because  tolerance  control  is  better  and 
because  many  devices  can  be  produced  simultaneously 
from  a  large  wafer. 

Most  devices  in  production  today  are  cantilever  mounted 
on  a  header  which  U  then  encased  in  a  small  cylindrical 
cover.  Both  epoxy  and  solder  attachment  schemes  arc 
used  for  affixing  the  resonator  to  the  header. 


F/Fo  vs.  w/h,  fundamental  mode 


Figure  19  shows  some  resonance  frequency  vs  lx:h  curves 
for  third  harmonic  overtone  operation.  As  may  be  seen, 
in  addition  to  the  flexure  (Fn)  and  face  shear  (FSn) 
couplings  present  In  fundamental  mode  devices,  there  are 
also  couplings  to  the  anharmonlc  overtones  of  both  Z 
thickness  shear  (TS2)  and  X  thickness  shear  (TS1)  modes. 
Clearly,  overtone  design  of  strip  resonators  is  much  more 
complicated  than  fundamental  mode  device  design,  and 
lighter  tolerance  requirements  for  repeatable  device 
performance  are  to  be  expected. 


Due  probably  to  the  low  stress  one-ended  cantilever 
mount,  strip  resonators  usually  display  excellent 
frequency  retrace  characteristics  over  temperature.  Due 
both  to  this  mount  and  also  lo  their  small  size,  the 
strips  are  typically  very  rugged  under  shock  and 
vibration.  Aging  and  starling  resistance  characteristics 
are  very  manufacturing  process  dependant  and  strip 
resonators  probably  do  not  differ  meaningfully  from  other 
AT  devices  Insofar  as  these  characteristics  are  .oncerned. 
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SUMMARY 


Finite  element  matrix  equations  taxed  on  tins 
tagrangean.  first  order.  Incremental  plate  equations  of 
motion  soperposed  on  Iwmogcnous  titer  Ml  strains  ««re 
formulated  using  virtual  work  principles.  Tito  plate 
equations  are  adequate  for  frequencies  up  to  tlx 
fundamental  thickness  shear  and  its  overtones.  Three 
translational  displacements  and  three  rotational 
displacements  Mklng  a  total  of  six  displacement 
components  were  used.  A  program  for  an  isoparametric, 
four  node  qoadr! lateral  element  mas  written  and  applied 
to  the  wiody  of  the  F-T  behavior  of  flexure  mode  quart* 
resonators.  Since  live  coordinate  reference  frame  is 
fixed,  the  finite  element  mesh  does  not  change  with 
temperature.  The  lumped  mss  and  consistent  mss 

matrices  were  found  to  yield  practically  the  same  F-T 
curves.  For  simple  prismatic  resonators,  the  two 
scheme*!  reduced/selecilve  Integration  and  incompatible 
modes  produce  relatively  similar  F-T  curve*.  The 
Incompatible  modes  scheme  yielded  better  results  for 
resonators  of  more  complex  stapes  such  as  the  tuning 
fork.  For  flexure  vibrations  In  a  Xj-Xj  plane  with  the 

length  along  the  Xj  axis,  the  iherwtl  strain  component 
In  the  Xj  direction  is  predominant.  Tlx  off-diagonal 

component*  of  the  thcrMl  strain  tensor  can  be 
neglected.  Tlx  six  degrees  of  frecdom/node  element  I* 
needed  for  tlx  F-T  behavior  of  a  fully  anisotropic 
flexure  mode  resonator. 

mnwtxjcriori 

A  numerical  procedure  such  as  the  finite  element 
method  My  be  used  to  predict  with  reasonable  accuracy 
the  natural  frequencies  of  low-frequency  resonators 
having  realistic  and  complex  geometric  stapes.  Some 
recent  works  include  the  use  of  a  three-dimensional. 

eight  node  hcxahedral  element'*3  and  a  plate  clement 

with  membrane  stresses3  in  tlx  study  of  quart*  tuning 
forks.  The  tuning  fork  is  one  example  of  a 
low-frequency  resonator  possessing  a  relatively 
difficult  geometric  shape.  The  same  finite  element 
program  with  some  minor  modifications  could  be  applied 
to  tlx  study  of  static  frequency-temperature  behavior, 
that  is,  the  characteristics  of  the  change  in  naiurul 
frequencies  due  to  a  steady  and  uniform  change  in 
temperature.  Currently,  published  results  on  the 
various  aspects  of  the  application  of  this  numerical 
method  in  frequency-temperature  predictions  sees  to  be 
lacking.  This  paper  reports  the  results  of  a 
Langrangean  plat-  element  with  six  degrees  of  freedom 


per  node  employed  »n  a  study  of  tlx  static  temperature 
behavior  of  flexure  mode  quart*  resonators. 

Tlx  word  “Ungrargean"  ascribe  to  a  formulation 
used  in  reference  4  whore  all  tlx  governing  field 
equations  are  referred  to  a  fixed  reference  frame.  This 
approach  Is  theoretically  consistent  with  formulation 

used  by  Lee,  Vang  and  Xarksenscoff*  in  problem*  of  high 
frequency  vibrations  in  crystal  plates  under  Initial 
stresses.  Since  tlx  physical  dimensions  of  tlx 
resonator  are  referred  to  a  fixed  reference  frame,  tlx 
finite  element  mesh  does  not  change  with  tlx 
temperature.  Rhlle  tlx  plate  equations  are  more 
complicated  than  tlx  three-dimensional  equations,  hence 
resulting  In  a  somewtat  more  complicated  set  of  finite 
element  equations,  there  arc  advantages  to  Us  use!  (!) 
Tlx  piste  element  with  six  degrees  of  freedom  will 
yield  a  given  degree  of  accuracy  with  a  sxtller  number 
of  elements  and  (2)  it  Is  easier  to  Identify  and 
Interprele  tlx  two-dimensional  mode  stapes.  This  Is 
especially  true  for  higher  frequency  calculations. 

Tlx  (wiper  Is  divided  Into  three  Mjor  sections.  Tlx 
first  section  details  tlx  derivation  of  tlx  finite 
element  equations  using  tlx  principle  of  virtual  work. 
An  Isoparametric,  four  node  quadrl lateral  element  Is 

clxsen.  Doth  tlx  reduced/selcctlvc  Integration*  and 

Incompatible  modes'*  schemes  arc  considered.  In  tlx 
second  section,  tlx  finite  element  results  are 
discussed  with  respect  to  (I)  the  preference  of  tlx 
Incompatible  modes  scheme  over  tlx  rcduecd/sclecilvc 
Integration.  (2)  the  adequacy  of  tlx  lumped  mss  matrix 
when  compared  with  the  consistent  ms*  mtrlx,  (3)  the 
role  of  the  there**!  expansion  coefficient  In  tlx 
thickness  direction  and  (4)  the  effects  of  using  a 
three  degrees  of  f reedom/node  plate  element  versus  that 
of  six  degress  of  freedom/node  element.  Some  of  tlx 
current  numerical  results  were  compared  with  takaenwa 

el  nl's*  experimental  results  and  the  three-dimensional 

finite  element  results  from  a  previous  paper'.  A  brief 
summary  and  conclusion  are  given  in  the  Inst  section. 


I.  FINITE  ELEMENT  TORMU1ATI0N  OF  THE  TWO-DIMENSIONAL 
INCREMENTAL  HATE  EQUATIONS  OF  MOTION  SUPERPOSED  ON 
HOMOGENOUS  THERMAL  STRAINS. 


a)  Constitutive  and  straln-dlsnincemont  relations  of 
the  first  order  nlntc  equations. 
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The  finite  element  model  is  based  on  the 
Lagrangean,  first  order,  Incremental  pinto  equation*  of 

motion  superposed  on  homogenous  thermal  strain*4.  These 
equation*  are  adequate  for  frequencies  up  to  the 
fundamental  thickness  shear  and  its  overtone*.  The 
Interested  reader  is  referred  to  sections  11,  V  ami  the 
first  paragraph  of  section  VI  in  reference  d  for  the 
details  in  the  development  of  these  equations.  The 
constitutive  And  strain-displacement  relations  given  in 
£q. (5I)s,4  of  the  same  reference  are  modified  slightly 
and  stated  here  in  wurlx  notation’. 

Constitutive  equations,  j  ■  fl  a  (l) 

site  re  i  -  Cl!0',tJ‘n.ii°'.t«8'.t;<I*.ti0». 


ami  Lutemck  ami  the  calculated  values  of 

provided  In  the  appendix  of  reference  d.  For 

completeness,  these  value*  are  reprinted  In  Table  1. 

There  are  six  displacement  components  In  the  strain 

vector,  namely,  ill01,  uj°'.  u,0'.  •  * .  Usu  awl  u^' ' , 

Hie  zeroth  order  component*  rcprc*ent  translational 
displacements  while  those  of  the  first  order  arc 
dimensionless  quantities  which  measure  the  rotational 
displaccmenis.Thc  matrix  form  of  the 
straln-dispiacemeni  relations  (Eq.(5l)«  of  ref.  d)  Is 
given  below, 

Strain-Displacement  Relations,  s  ■  s)  U  (8) 

where  j),  fc  and  y  are,  respectively. 


is  an  eleven  component  Lagrangean  incremental  stress 
vector,  aad  j  is  an  eleven  component  lagrangean 
Incremental  strain  vector: 

a  -  Crl^.el-'.e^’.ei^.e^'.ei8'. 

«!‘».ei«».*;»».ei".ei“]T.  (3) 

J)  is  a  oatrix  of  temperature  dependent  elastic 
constants  referred  to  the  fixed  reference  frame.  The 
components  of  Q  are  given  below. 


,x,  0  0  0  0  0 

0  0  0  0  1  0 

0  0  ,xa  0  0  0 

0  .xa  0  0  0  l 

,X3  0  ,x,  0  0  0 

.  0  .x,  0  I  0  0 

■  0  0  0  .x,  0  0 

0  0  0  0  0  ,x9 

0  0  0  0  ,xa  0 

0  0  0  ,Xa  0  ,X| 

0  0  0  0  .X,  0 


(0) 


where  (5^  ■  2b  k(p)k(q),)p<,;  ^i*»»k*4i"k**i«Vl2 

k?»  >wk?ai«k|(u»l  (5) 

“*  ■  v 1  °« '  Wb  1  <0> 

Tlte  term  k^j  In  Eq.(S)  Is  tlie  usual  correction  factor 
for  thickness  vibrations.  The  relation  for  in 

Eq.(G)  Is  obtained  by  setting  the  stress  ti"  to  zero 

and  accommodative  the  strain  ea"  in  the  first  order 

constitutive  relations.  The  elastic  constants  P„  are 

pq 

dependent  on  the  temperature  change  0  ■  (T  -  T0)°C  up 
to  the  third  order: 


0.,  0,a  Pia  0  0  0 

013  033  033  0  0  0 

L  _  013  033  033  0  0  0 

0  0  0  Pi,  0,*  0,a 

0  0  0  0  13  033  033 

,0  0  0  0,3  0 S3  033 

awl  y  a  Cul‘".uJ'".uJ0‘.u;'».ui,,.uV*]T 


00) 

00 


Matrix  si  J*  a  linear  differential  operator  awl  it* 

elements  .X{  (i  ■  1.2  or  3)  signify  partial 

differentiation  with  respect  to  tlie  coordinates  of  tlte 
fixed  reference  frame.  The  explicit  temperature 

dependency  of  tlie  strain  is  reflected  in  tlie  matrix  b 
containing  elements  0^  which  are  functions  of  tlie 

thermal  expansion  coefficients  ajj^awl  temperature 
change  0: 


"ij  -  «! j  ‘  “ij'  °  *  “ij'  0’  *  "Ij'  0’  <l2> 

where  6jj  is  a  Kronccker  delta.  Tlte  value*  of  the 

thermal  expansion  coefficients  were  measured  by 

Beclmnnn,  Ballato  and  Lukaszek10  and  for  completeness 
are  provided  in  Table  2. 


D  «C  *■  D'“.0  ♦  D^'.e1  ♦  n^'.o5  (7) 

pq  pq  pq  pq  pq 


where  T0  is  the  reference  temperature  at  25°C.  and 
and  are  the  fundamental  elastic  stiffness  and 

pq 

"Lagrangean"  temperature  coefficients  of  elastic 
stiffness,  respectively.  The  word  ’’Lagrangean"  is  used 

to  differentiate  from  the  temperature  coefficients 
PS 

by  Bechmonn,  Ballato  and  Lukaszek10  which  are  referred 
to  a  temperature  dependent  reference  frame.  The 
measured  values  of  C  are  given  by  Bechmann,  Ballato 


b)  Ejnjis  Elcram  Matrix  Esmailsg-tL 

Tlie  finite  element  equations  for  free  vibrations 
arc  formulated  using  the  virtual  work  principle,  which 
is  stated  as: 

6U  =  £¥  (13) 

c  c 

where  £Ufi  and  £Wfi  are  respectively  the  element  virtual 

strain  energy  of  internal  stresses  and  the  virtual  work 
on  the  element,  that  is. 
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4U  ■  |  6^x  dA  A  1*  the  plate  element  area  (14) 
*  JA 

4«TB  H  «JA  (IS) 


In  the  expression  for  tlx  virtual  work  6#r,  only  the 

Inertial  action  la  considered.  The  surface  traction  la 
neglected  for  free  vibration  problem*.  The  wtrlx  b 
represents  the  mss  of  the  plate  element,  namely. 


Map 


h,  0  0  0  0  0 

0  b,  0  0  0  0 

0  0  b,  0  0  0 

0  0  0  b,0  0 

0  0  0  0  ba  0 
0  0  0  0  0  ba 


where  p  is  the  density, 
b|  ■  2b 

h  .  2US 

ba  ~  OS) 


Tim  plate  thickness  is  2b. 


In  the  finite  element  appreximtlon.  the  generic 
displacement  y  Is  represented  by  the  interpolation  of  a 
set  of  displacements  9  at  discrete  points  called  nodes: 

a-HQ  (>?) 

shore  H  Is  a  matrix  of  interpolation  or  shape  functions 
and  9  is  a  vector  of  nodal  displacements.  Hence  tlx 
virtual  displacements  In  Eq.(15)  my  lx  written  as, 

«yT  ■  «(B  9)T  -  «9T  fiT  (18) 

If  the  dlsplncement  y  In  Eq.(9)  Is  substitute<l  by 
Kq.(l7),  tlx  following  relation  Is  obtained: 

s*4kE9-B9  (10) 

where  t)  ■  it  fc  8  I*  generally  known  as  the 
strain-displacement  matrix  which  gives  strains  at  any 
point  within  the  element  due  to  unit  values  of  nodal 

displacements.  Hence  the  virtual  strain  6gT  in  Kq. ( H) 

is: 


«sT  -  «(B  9)t  -  69T  UT  (20) 

lotting  Et).(10)  Into  the  constitutive  relations  of 
Eq . ( 1 )  yields  the  stress-displacement  matrix  equation: 

i«Ua-fill9  (21) 

Substitution  of  Eq.(M)  and  Eq .(15)  Into  the  virtual 
work  principle  Eq .(13).  using  the  relevant  expressions 
from  Eos. (17).  (19).  (20)  and  (21)  yields: 

*9TC  J  HTB  11  dA  ]  9  -  69TC-J  BTB  B  dA  )  9  (22) 

A  A 

T 

Since  49  Is  common  in  Eq.(22),  we  obtain  the  following 
matrix  displacement  equation  for  vibration  without 
damping: 


K  9  =  -8  9  (23) 

where  K  =  |  g'|)  B  dA  nnd  B  B  |  fi^m  B  dA  nre  the  element 
JA  JA 

stiffness  matrix  and  the  element  consistent  mss 
matrix,  respectively. 


The  aforementioned  equation  is  in  the  time  domln. 
Per  harmonic  motion. 


J  «ti’9  (24) 

The  general  eigenvalue  problem  is  obtained  when  Eq.(23) 
Is  written  in  the  frequency  domin: 

K  9  »  u*  8  9  (2S) 


c)  Epur.-ftyJs,.  LaiaxaamJs  Quadrilateral  Ekssau 

Tlx  4-node,  isoparametric  quadrilateral  element  Is 
one  of  the  simplest  element  for  a  plate.  Tlx  four  shape 

functions*  are:  iMf.q)  ■  i(l-f)(l-q) 

B*(f.q)  ■  I(l*JF)(l-q) 

H,(f..>)  .  i(W)0*>») 

Mf.h)  .  i(l-f)(l»q) 

where  f  and  q  are  the  local  coordinates, 
mtrix  or  shape  functions  B  In  Eq.  (IV)  is, 

8  «  [n».  Hi-  o»-  bO 

where  (ial.2,3  or  4)  ■  I  Hj.  For  a  plate  with  M 

degrees  of  frecdom/nodc,  I  is  a  XxX  Identity  mtrix. 
Tlx  displacement  Vector  y  can  also  be  written  as: 

4 

9  «  \  Dj9j  (28) 

1ml 

where  9j  is  a  vector  of  displacements  *1  node  l  so 

that, 

9  ■  Cat.  9i«  9s*  9«]*"«  (23) 

In  a  three  degrees  of  f recdon/nodc  plate,  similar 
to  the  one  proposed  by  Hughes  cl  si.*,  tlx  strains: 

o',0'.  ei°».  c£0'.  e*01.  ei"  nnd  ci"  along  with  tlx 
rcsjiecilve  stresses  are  neglected.  Only  three 
dlsplncement  components,  namely,  one  translational 

displacement  ni0'  and  two  rotational  displacements  u', 11 

nnd  uV ' .  are  retained.  Kesulls  of  tlx  three  degrees  of 
freedoou'node  plate  will  be  compared  with  that  of  tlx 
six  degrees  of  freedom/node  place. 

There  nre  schemes:  incompatible  modes7  or 

rcduccd/sclcctive  integration*  which  can  be  Introduced 
to  "soften'*  an  otherwise  overconstrnlned  quadrilateral 
plate  element.  In  the  incompatible  inodes  scheme,  two 
extra  slope  functions  nre  included: 

N«(£.q)  «  l-fs 

N6(f.B)  =  1-q*  (30) 

These  slope  functions  do  not  belong  to  any  nodes.  The 
element  stiffness  terms  associated  with  these  functions 
are  removed  by  static  condensation,  while  those  of  the 

element  mass  terms  are  reduced  by  Cuyan9  reduction.  If 
the  rcduced/selective  iniegroilon  scheme  is  used,  a  1x1 
Gauss  quadrature  Integration  is  performed  on  the 
clement  stiffness  terms  associated  with  the  shear 


(20) 
Hence  tlx 

(27) 
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strain*  «J01  and  *i01.  A  2x2  Cau**  quadrature  is 
employed  on  the  rest,  of  the  stiffness  terms. 

A  f ini  to  element  program  which  incorporates  all  the 
aforementioned  option*  was  written.  An  efficient 
eigenvalue  solver  for  sparse  matrices  was  added  to  the 
program. 


11  lACHANCKAK  F1NITK  tt-KHOTr  Fl-ATK  ANALYSIS  OF  UK 
mw>iaf-i>3inxATUWv  iwuviott  of  quAinv.  arsrAL 
WvSQNATONS  VIKtATlNC  IN  UK  H.KXUR£  HOOK. 


Tlie  resonant  fr,*  'encies  of  the  fundamental  flexure 
mode  of  quart*  bar*  or  tuning  forks  ami  their 
frequency- temperature  behavior  are  studied  with  respect 
to  (1)  the  fineness  of  the  finite  element  mesh,  (2)  the 
type  of  "softening"  scheme.  (3)  the  kind  of  mnx* 
matrix,  (d)  the  role  of  the  thermal  expansion 
coefficient  in  the  thickness  direction  nnd  (5)  the 
number  of  degrees  of  frecdom/nodc  in  the  plate  element. 

Figure  1  shows  ail  the  finite  element  meshes  used 
in  this  study.  The  coordinate  system  is  shown  in  the 
upper  left  corner  of  the  figure,  with  the  X3  axis  going 
into  the  plane  of  tlie  {taper.  The  thickness,  width  and 
length  are  taken  respectively  in  the  Xa.  X3  nnd  X( 
direction.  Hence  the  dimensions  of  a  bar  arc  quoted  in 
the  same  sequence.  With  the  exception  of  the  tuning 
fork  In  fig.lc,  the  flexure  mole  vibrates  predominantly 
In  the  Xa-X|  plane.  The  tines  of  the  tuning  fork 
vibrate  predominantly  In  the  X3-X,  plnne.  Figure  ia 
gives  the  finite  element  meshes  in  Increasing  degree  of 

fineness  for  a  5°  X-Ou  cant  lever.  It  must  be  noted  at 
this  {Mint  that  the  vibration  characteristics  of  a 
cantilever  are  quite  different  from  those  of  a  tuning 
fork  tine.  The  beam  in  fig. lb  is  nn  NT-Cut  bor,  (YXwtl) 

t90‘,/-8.6°/-30°.  The  dimensions  of  the  tine  in  fig.lc 
is  the  same  ns  those  in  the  cantilever  of  fig. la.  while 
the  base  dimensions  are  0.51x0.03x2.55  mm.  These 
crystal  cuts  and  dimensions  wero  chosen  so  ns  to 
facilitate  comparisons  of  some  of  the  present  numerical 
results  with  the  NT-Cut  bar  nnd  roinied  X-Cut  tuning 
iorks  empirical  data  provided  by  Nakazawa  et  al. 

Figure  2  shows  the  results  of  the  different  finite 
element  meshes  of  fig.  in  using  oi  liter  the 
rcduccd/selcctlve  integration  or  lncompailbe  modes 
scheme.  Although  the  frequencies  fluctuate  a  little, 
both  schemes  give  turnover  temperatures  which  converge 
monotonlcally  to  the  right.  For  i  mesh  of  2x20 
elements,  the  two  schemes  offer  reasonably  similar 
frequency- temperature  curves.  The  mesh  of  2x20  elements 
vats  used  in  subsequent  finite  element  studies. 

The  consistent  mass  matrix  is  a  higher  order 
numerical  approximation  of  the  snss  continuum  of  the 
vibrating  body.  "Hie  lumped  mass  matrix  is  the  simplest 
form  of  representation.  Figure  3  shows  that  while  the 
two  mass  matrix  schemes  yield  slightly  different 
natural  frequencies,  they  produce  frequency-temperature 
curves  which  are  practically  identical.  The  results  are 
given  for  two  types  of  "softening"  schemes.  The  mesh  of 
fig. la  was  used.  The  lumped  mass  matrix  is  a  diagonal 
matrix;  hence  it  takes  up  less  storage  space  nnd  is 
much  easier  to  factorize  in  eigenvalue  calculations. 

The  fourth  order  differential  equation  for  a 
Lagrangean  classical  plate,  derived  in  previous  paper: 
Eq.(35}  of  ref.l.  display  only  one  component  of  the 
tensor  pjj.  namely.  p32.  Of  interest  are  the 

temperature  components  in  /J22(  see  Eq.(12)): 

a22  =  ahi'.Q  +  +  aii’.G3  (31) 


a2a  I*  physically  the  component  of  the  homogenous 
liter «il  strain  in  the  Xa  direction.  The  role  of  oaa  in 
the  frequency-temperature  behavior  of  flexure  mode 
quurtx  resonator*  Is  further  explored.  Figure  H 
exhibits  the  results  of  the  mesh  of  fig. lb  for  • 
fixed-fixed  NT-Cut  bar.  Incompatible  modes  were  used. 
The  use  of  a  diagonalized  thermal  strain  tensor,  that 

(s  Oj^mOforl^J.  produced  a  frequency-temperature 

curve  which  was  virtually  Identical  the  original  curve. 
There  were  relatively  small  c 'range*  In  the 
frcqucncy-lcmpcraturc  curve*  when  all  the  components, 
except  for  oaa.  of  the  thermal  strain  tensor  wero  set 
to  zero.  Hence,  the  off-diagonal  ihersttl  strain 
component*  are  insignificant  in  frequency-temperature 
effects  and  among  the  diagonal  components,  thq 
component  In  the  thickness  direction  I*  by  far  the 
predominant  term.  This  is  further  illustrated  In  fig. 5 

for  a  1°  X-Gn  tuning  fork  using  the  mesh  of  fig.lc  ami 
Incompatible  modes.  Tile  curve  with  the  full  thermal 
strain  tensor  is  relatively  similar  to  one  In  which  aii 
the  thermal  strain  components,  except  for  naa.  are  set 
to  zero.  In  this  case,  oaa  Instead  of  oaa  is 
predominant  because  the  tuning  fork  tine  flexes  In  the 
Xa-X|  plnne.  The  experimental  results  from  fig. 16  of 

Nakazawa  et  al.*  Is  also  shown.  The  numerical  curves 
are  quite  close  to  the  empirical  curve. 

One  question  of  particular  interest  is  whether  a 
three  degrees  of  frccdom/node  plate  element  Is  adequate 
for  a  flexure  mode  resonator.  Thb  result  is  compared 
against  the  present  six  degrees  of  frccdom/node  element 
In  flg.C  for  a  fixed-fixed  NT-Cut  bar.  The  mesh  of 
fig. lb  nnd  either  one  of  the  two  “softening"  schcsse 
were  employed.  The  three  degrees  of  frecdom/node 
element  yields  different  frequency- temperature  curves 
because  it  does  not  satisfactorily  model  the  flexure 
modes  which  are  slightly  out  of  the  X2-X,  plane  and 
which  are  coupled  to  a  small  degree  with  a  torsional 
mode.  This  occurs  in  a  fully  anisotropic  beam,  but  not 
in  monoclinic  cut  plates  such  as  a  Y-Cut  bar. 

Tlie  results  in  figures  3  and  C  Indicate  that  the 
reduccd/selcctivc  integration  nnd  incompatible  modes 
schemes  yield  relatively  similar  frequency-temperature 
curves.  One  might  then  conclude  that  the 
redticed/selectlve  integration  scheme  Is  (he  scheme  of 
choice  since  it  is  computationally  cheaper.  However, 
them  arc  other  factors  which  my  negate  this 

conclusion.  Figure  7  shows  the  results  for  a  1°  X-Cut 
tuning  fork  using  the  mesh  of  fig.lc.  Tlie  incompatible 
modes  scheme  gives  a  curve  which  Is  quite  close  to  the 
empirical  curve  by  Nakazawa  et  al.  Tlie 
rcduccd/cclcctivc  integration  scheme  produced  a 
different  frequency-temperature  curve.  Tlie  reason  lies 
in  the  reduced  integration  of  the  stiffness  terms 

nssociatcd  with  the  bending  shear  strains  cj°*and  ei°' 
which  implies  bending  in  the  Xa-Xt  plane.  Tlie  tuning 
fork  tine  vibrates  in  the  X3-X,  plane  which  is 
perpendicular  to  the  former  plane.  Any  attempt  to 

tensor  rotate  by  90°  the  field  equations  so  that  the 
implied  bending  occurs  in  the  X3-X(  plane  is  not  quite 
satisfactory  because  it  leads  to  difficulties  in  the 
modelling  of  the  crotch  of  the  tuning  fork.  One  might 
then  be  tempted  to  try  uniform  reduced  integration. 
Unfortunately,  the  scheme  introduces  a  larger  number  of 
zero-energy  nodes  which  may  lead  to  some  spurious 
cigcnmodcs  and  erroneous  results. 

Figures  8  and  9  show  the  comparisons  of  the  present 
results  using  incompatible  modes  and  the  meshes  of 
fig. lb  and  fig. lc  against  the  three-dimensional  finite 

clement  solutions  from  a  previous  paper1  and  Nakazawa 

et  al.8  ’s  data.  For  the  three-dimensional  solution. 
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live  off-diagonal  components  of  the  thermal  strain 
tensor  were  neglected  and  the  diagonal  components  were 
assumed  equal  to  na*«  An  eight-node  hexnhcdrnl  element 
with  Incompatible  modes  was  employed.  The  curves  by 
Kakaxa*n  el  nl.  were  obtained  from  their  experiments 
and  from  their  classical  beam  equation  calculations 
using  either  Arlga  and  Beclsmnn  et  al.'s  constants.  In 
fig. 8  the  present  numerical  curve  for  a  free-free 
NT-Qil  bar  is  observed  to  compare  reasonably  good  with 
the  empirical  data  and  the  three-dimensional  finite 
element  solution.  Similar  comparisons  are  obtained  in 
flg.9  where  the  turnover  temperatures  TZTC's  of  various 
rotated  X-Cut  tuning  forks  are  plotted  against  the 
angle  of  rotation. 

It  must  be  noted  that  the  ,'umerically  produced 
frequency- temperature  curves  change*  slightly  with  the 
humber  of  elements  and  the  form  of  finite decent  mesh 
employed,  that  is,  the  relative  sixo  of  the  elements 
and  the  arrangement  of  the  elements  in  the  mesh.  Hence 
it  is  quite  possible  by  using  a  certain  element  mesh  to 
obtain  a  three-dimensional  solution  curve  which  matches 
closely  a  plate  element  curve  in  el  titer  fig. 8  or  9. 


Ill  OONOUSIONS 


The  following  conclusions  are  inferred  from  the 
study  of  a  six  degrees  of  freedom  per  node,  Lngrnngean, 
four-node  quadrilateral  plate  element  applied  to  the 
frequency- temperature  problem*  of  flexure  mode  quartx 
rcsonatorii: 

1)  Although  the  lumped  mass  matrix  compared  with 
the  consistent  mass  matrix  yields  slightly 
different  natural  frequencies,  it  produces 
frequency-temperature  curves  which  are 
practically  identical.  This  is  true  for  low 
frequency  vibrations. 

2)  For  simple  prismatic  resonators,  the  two 

"softening"  schemes:  reduccd/selecilve 

integration  and  incompatible  modes  schemes 
yield  relatively  similar  frequency-temperature 
behavior  If  element  meshes  of  adequate 
fineness  are  used.  Although  the 
reduccd/selecilve  integration  scheme  is 
computationally  cheaper,  it  may  not  be  the 
scheme  of  choice  in  resonators  with  complex 
shapes,  for  example  a  tuning  fork,  because  of 
flexure  vibrations  in  a  plane  other  than  tint 
implicit  in  the  scheme.  The  incompatible  modes 
scheme  has  greater  generality. 

3)  For  the  frequency-temperature  problems  of 
flexure  mode  resonators  vibrating  in  the  Xj-Xj 

plane  with  the  Xj  axis  along  the  length  of  the 

vibrating  element,  the  thermal  strain  in  the 
Xj  (thickness)  direction  is  by  far  the 

predominant  component.  The  off-diagonal 
components  of  the  thermal  strain  tensor  can  be 
neglected.  Reasonably  good  solutions  were 
obtained  even  when  all  the  components  of  the 
thermal  strain  tensor,  except  the  one  In  the 
thickness  direction,  were  set  to  zero.  Tills 
correlates  well  with  the  three-dimensional 
results  from  a  previous  paper  where  the 
off-diagonal  components  of  the  thermal  strain 
were  neglected  and  all  the  diagonal  components 
were  set  equal  to  the  component  in  the 
thickness  direction. 


•1)  In  general,  a  six  degrees  of  f rccdom/nede 
element  is  needed  for  the 

frequency- temperature  predictions  of  a  fully 
anisotropic  flexure  mode  resonator.  Tills  is 
due  to  vibrations  which  are  slightly  out  of 
the  Xj-Xj  plane  ami  coupled  to  a  small  degree 

with  a  torsional  mode.  Tim  three  degrees  of 
f rccdom/nodc  clement  Is  adequate  for  only 
certain  crystal  cuts,  for  example,  monccllnic 
cuts  such  ns  the  Y-Cui. 

9)  Reasonably  good  comparisons  between  the 
present  numerical  results  und  empirical  data 

by  Nnknxawn  et  nl."  were  obtained  fur  a  hT-Gu 
bar  and  various  rotated  X-CUl  tuning  forks. 

These  conclusions  arc  deduced  from  the  result*  of 
the  Uigrnngcnn  quadrilateral  plate  element  when  used  to 
predict  lim  frequency-temperature  characteristics  of 
low  frequency  flexure  in  quartx  bars  and  tuning  forks. 
As  such,  some  of  the  inferences  may  not  be  applicable 
to  oilier  modes  of  vibration,  especially  those  in  the 
higher  frequency  ranges. 


Tim  author  would  like  to  thank  Ml  civic  l  Tang  ami  I’etcr 
C.Y.  l.cc  of  Princeton  University  for  providing  the 
eigenvalue  solver  written  by  David  S.  Scott  of 
University  of  Texas  nl  Austin. 
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Abstract 

A  staple,  approximate  expression  Is  obtained  lor 
the  motional  capacitance  of  a  lateral-field  quarts 
resonator.  Coapartson  with  measured  values  for  funda¬ 
mental  node  ami  third  overtone  SC-cut  resonators  shows 
agreement  within  102  to  SOZ . 


Lateral  field  excitation  of  SC-cut  resonaters  Is 
of  current  Interest,  since  either  the  H-mode  or  the  C- 
node  aay  he  preferentially  excited,  and  by  a  suitable 
arrangement  of  electrodes  It  night  be  posslblo  to 
excite  the  two  separately.  In  this  letter  some  staple, 
approximate,  but  useful  expressions  will  be  developed 
for  the  notional  capacitance  and  Inductance  of  lateral 
field  resonators. 

Figure  1  shows  a  rotated  Y-cut  quarts  thickness- 
shear  resonator  having  the  desired  electrode  configura¬ 
tion.  Opposing  cop  and  bottom  electrodes  are  connected 
together.  Depending  upon  the  azlnuthal  orientation  of 
the  electrodes  with  respect  to  the  rotated  crystallo¬ 
graphic  axes  of  the  plate,  either  the  B-node  or  the 
C-aode  or  both  may  be  excited  by  Che  lateral  field  thus 
produced.  A  resonator  of  this  type  Is  called  a 
lateral  field  resonator  (LFK). 


FIG.  1.  LFR  ELECTRODE  CONFIGURATION 


Consider  first  the  senl-lnflnlte  strip  node!  of 
Figure  2,  In  which  the  node  Is  confined  by  the  elec¬ 
trodes.  Calculation  of  the  notional  capacitance 
requires  knowledge  of  the  mode  shape  and  the  qunsl- 
elcctrostatlc  electric  field  distribution.  In  this 
paper  the  simplest  approximations  will  be  used  for 
both. 


FIG.  2.  TRAPPED-ENERGY  STRIP  ELECTRODE 
MODEL  OF  LFR 


1)  Mode  Shape:  The  mode  amplitude  is  assumed 
to  be  uniform  over  the  entire  width,  w,  of  the  elec¬ 
trode  array,  and  zero  elsewhere. 

This  Is  not  an  unreasonable  approximation  to 
the  actual  node  amplitude2'2,  which  varies  coslnu- 
soidally  In  the  electroded  region,  has  a  hyperbolic 
cosine  behavior  In  the  incor-eleccrode  gap,  and 
decays  exponentially  outside  Che  electroded  region. 

2)  Electric  Field:  The  actual  field  has  both 
lateral  and  transverse  components.  Because  of 
symmetry,  only  the  lateral  components  contribute  to 
the  excitation  of  the  mode.  In  this  clementnry 
treatment  we  cake  the  simplest  approximation  for  the 
lateral  field,  which  Is  Chat  it  is  of  uniform  Inten¬ 
sity  in  the  gap  and  zero  elsewhere. 

For  this  semi-infinite  strip  model  there  is  no 
X3  dependence  of  cither  electric  field  or  mode 
amplitude. 

If  this  mode  shape  were  excited  by  a  lateral 
field  uniform  on  w,  the  motional  capacitance  would 
be  that  for  the  simple  thickness  case*: 

Cj  -  (8k2/n2tr2)C  (1) 
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where  k  1*  die  appropriate  lateral-field  piezoelectric 
coupling  coefficient,  n  is  the  overtone,  end  C  1*  the 
static  capacitance,  neglecting  fringing,  which  would  be 
produced  by  a  pair  of  electrode*  through  the  plate, 
normal  to  xi ,  nnd  separated  by  w;  l.e,,  for  a  uniform 
lateral  field.  For  a  length,  1,  in  the  xydlroction,  C 
i#  given  by 

C  «  (  lh/w  (2) 

where  (  i*  the  dielectric  constant  in  the  xi-dlrec- 
tlon.* 

Suhatituting  in  Equation  (1),  we  have: 

C,  -  (8(,k*/n2ff2>lh/v  (3) 

However,  we  have  assumed  a  field  unifora  on  a  and 
aero  elaewhere.  To  the  accuracy  of  thin  approximation, 
only  the  central  portion  of  the  mode,  within  the  gap 
width  a,  la  excited,  but  the  field  inteneity  1« 
increaaed  by  the  name  proportion,  w/a,  that  the  excited 
region  ia  reduced.  Aa  a  consequence  of  the  uniform 
mode  aaaumptlon,  tlm  two  offaet  one  another,  ao  that  Cj 
la  atill  given  by  Equation  (3).  To  the  accuracy  of  the 
approximation*,  then,  C|  la  Independent  of  a. 


Equation  (3)  may  alao  he  applied  to  the  con¬ 
toured  reaonator.  The  actual  mode  ahape  in  thia 
caae  la  eaaeuttally  determined  by  the  contour  rather 
than  the  electrode*,  and  i*  gauaaian  in  X|  and  xj 
(Reference4,  Equation  (3.13)).  It  l*  well  approxi¬ 
mated  by  a  rectangular  node  endexing  the  Inflection 
point*.  The  corre*ponding  value  of  l/w  1* 

l/w  -  («„/»«„)  */4  (9) 


natora,  ihl*  ratio  i*  approximately  .96  and  .97, 
rexpectively;  hence,  the  coefficient  in  equation* 

(7)  and  (8)  lx  c*«entially  unchanged. 

The  functional  dependence  xhown  in  Equation  (8) 
wa*  first  ob*erved  by  Warner  and  Coldfrank^  for  con¬ 
toured  reaonator*.  Their  empirical  expre**ion  for 
SC-cut  LFR  motional  inductance  1* 

L,  «  17  h  (10) 

where  h  i*  in  millimeter*  and  L(  in  henrle*.  Uaing 
Equation  (4),  chi*  reduce*  to 


Equation  (3)  may  be  rewritten  to  eliminate  the 
plate  thlckne**,  given  by 

h  "  nN/f  (4) 

where  f  1*  the  frequency  ami  N  the  frequency-tlilcknex* 
constant.  Substituting  In  Equation  (3), 

c,  -  (8fk2N/vr2)  (l/w)  (1/nf)  (5) 

Equation*  (3)  and  (5)  may  be  applied  to  the  more 
realistic  configuration  of  Figure  1  by  assuming  the 
mode  shape  In  die  xn-dlrectlon  to  be  uniform  on  1  and 
zero  elsewhere  (although  the  correct  moda  shape  could 
readily  be  Included)  and  ignoring  die  effect  of  finite 
1  on  the  electrostatic  field  distribution. 

The  development  so  far  has  not  been  restricted  to 
any  particular  cut.  For  the  SC-cut,  N  ■  1797  lU-m,  and 
(  »  40  x  10-*2  F/ra.  If  the  xj-dlrecclon  is  chosen  to 
maximize  C-raodQ  excitation,  then  k  ■  9.382.*  Substitu¬ 
ting  these  values  in  Equation  (5)  glveB 

C!  -  0.5«(l/w)/nf  (6) 

where  f  Is  in  MHz  and  C|  Is  In  femtofnrnds. 

For  a  square  array  (1  -  w)  Equation  (5)  further 
reduces  to 

C[  -  l/2nf  (7) 

The  corresponding  expression  for  the  motional 
Inductance,  In  henries,  is 

IM  -  50n/f  (8) 


*  Note  that  C  is  not  die  actual  static  capacitance, 
which,  to  the  accuracy  of  approximation  2,  Is 
C0  *  (  lli/a. 


Lj  »  30  n/f  (11) 

or  about  602  of  the  calculated  value. 

To  test  the  validity  of  Equation  (8),  fundamen¬ 
tal  mode  and  third-overtone  SC-cut  resonators  were 
fabricated  at  10  MHz.  Quartz  wafers  for  the  funda¬ 
mental  mode  unit*  were  uncontoured  and  polished, 
with  a  diameter  of  10  mm.  The  third-overtone  unit* 
were  plano-convex  with  a  radlu*  of  curvature  of  0.53 
m  (1  diopter),  and  a  wafer  diameter  of  14  mm.  The 
electrode*  were  circular  with  a  bisecting  gap, 
oriented  widi  an  azimuth  angle,  p*l,  of  -22 
degree**,  corresponding  to  maximum  C-mode  coupling. 
Motional  inductance*  were  measured  using  a  H-P  4191A 

RF  Impedance  Analyzer2.  In  Table  1,  the  measured 
value*  are  compared  with  value*  calculated  from 
Equation  (8).  For  die  uncontoured  resonators, 
agreement  Is  within  152.  For  the  contoured  resona¬ 
tors,  the  measured  values  are  nbout  two-third*  of 
calculated,  but  within  102  of  Warner's  empirical 
value.  We  consider  the  agreement  with  calculation 
Co  be  good,  in  view  of  die  nature  of  the  approxima¬ 
tions.  For  this  azimuth  angle,  the  calculated  11- 
mode  coupling  Is  1.42.  Motional  Inductance  of  the 
B-oodc  was  not  measured,  but  the  Impedance  at 
resonance  was  extremely  high,  Indicating  that  the  B- 
raode  Is  effectively  suppressed. 


TABLE  1.  MEASURED  AND  CALCULATED  MOTIONAL  INDUCTANCES 


OVERTONE 

ELEC.  DIM.  (mm) 

Diameter  Cap 

MOTIONAL  U 

IDUCTANCE  (11) 

Calculated 

Measured 

Mean  Scd. 

Dev. 

1 

3.3  0.25 

5.0 

5.74  0.34 

3 

7.5  0.5 

15.0 

9.71  0.39 

3 

7.5  1.0 

15.0 

10.04  0.50 
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ABSTRACT 


Trapped  energy  resonators  oT  plane  and  bevelled  geo¬ 
metry  are  widely  used  for  frequency  generation  and 
filtering.  A  model  using  a  solution  of  the  approximate 
equation  governing  the  lateral  dependence  of  thickness 
modes  Is  established  for  plane  resonators  having  nearly 
arbitrary  electrode  shape.  This  model  uses  solutions  in 
the  form  of  serle  of  products  of  Bessel  and  trigono¬ 
metric  functions  and  considers  the  expression  of  the 
approximate  continuity  conditions  at  a  discrete  number 
of  points  of  the  Mcctrode  edge.  This  method  of  solu¬ 
tion  is  applied  to  study  the  influence  of  the  shape  of 
the  electrodes  on  the  properties  of  the  resonators  and 
to  demonstrate  on  a  few  examples  that  the  usual  circu¬ 
lar  geometry  is  not  optimal  with  respect  to  several 
criterions.  Resonators  with  electrodes  respecting  ap- 
proximatively  the  lateral  anisotropy  of  the  plate  (rec¬ 
tangular  and  elliptical)  are  considered  in  these 
examples.  An  extension  of  the  model  is  made  to  consider 
plane  resonators  having  shallow  grooves  outside  the 
electrodes  to  improve  the  energy  trapping. 

I  -  INTRODUCTION 


In  the  second  type  of  theory,  a  dispersion  relation 
valid  near  the  overtones  of  a  thickness  mode  having 
essentially  a  thickness  dependence  similar  to  the  cor¬ 
responding  one  dimensional  mode  and  having  slow  lateral 
variations  is  established.  Then,  a  scalar  equation 
governing  the  lateral  variations  of  the  mode  is  derived 
from  the  dispersion  relation.  The  way  used  to  establi¬ 
shed  the  dispersion  relation  ensure  the  verification  of 
the  boundary  conditions  on  the  surfaces  normal  to  the 
thickness,  to  the  second  order  of  approximation. 

The  scalar  equation  governing  the  lateral  dependance  of 
thickness  shear  established  by  Tlersten  and  cc-worters 
has  been  used  to  obtain  several  models  or  the  plane  and 
planoconvex  resonators  (4)  (5)  (6),  of  resonators  with 
cylindrical  bevels  (7)  (8),  of  resonators  with  unpa¬ 
rallel  surfaces  (9)  and  of  monolithic  filters  (10). 

In  this  paper  solutions  of  the  scalar  equation  for  the 
case  of  plane  and  corrugated  resonators  are  proposed. 
Some  examples  of  comparison  of  experimental  and  compu¬ 
ted  results  are  given  in  the  last  part  of  the  paper. 


The  thickness  mode  resonators  are  the  most  commonly 
used  since  their  performances  and  their  frequencies 
correspond  well  to  the  specifications  of  modern  elec¬ 
tronic  systems.  Mathematical  models  of  these  resonators 
having  more  and  more  precision  were  elaborated  in  re¬ 
cent  years.  Most  of  these  models  were  derived  from  the 
theories  of  the  thickness  vibrations  of  piezoelectric 
plates  established  by  Professors  Mindlin,  lee  and 
Tiersten.  Two  principal  types  of  theory  can  be  distin¬ 
guished  : 

The  first  type  is  based  on  two  dimensional  equations(l) 
of  successively  higher  order  of  approximation  that  are 
obtained  from  the  tridimensional  equations  of  linear 
piezoelectricity  by  expansion  of  the  different 
variables  in  series  of  power  of  the  thickness  coordi¬ 
nate  x  (2)  (or  of  trigonometric  functions  of  x2(3) )  and 
integration  over  the  thickness.  These  theories  can 
consider  various  modes  coupled  to  the  thickness  ones. 


II  -  MODEL  OF  PLANE  RESONATORS  WITH 

ELECTRODES' OF  ARBITRARY  SHAPE”' 


As  basis  of  this  model,  we  use  the  scalar  equation 
gouverning  the  lateral  dependance  of  the  anharmonics  in 
the  viccinity  of  one  overtone  (number  n)  of  a  given 
thickness  model  (noted(l)).  This  equation  was  first 
established  for  monoclfnic  plates  (4)  then  for  plates 
of  an  arbitrary  orientation  (5).  In  this  case  the  equa¬ 
tion  has,  in  a  coordinate  system  with  x  normal  to  the 
thickness  and  x}  and  x  choosen  to  eliminate  the  mixed 
derivative,  (5)  the  following  form  : 


,  a2*?  +  ,  a2  uj 

Mn - +  Pn - 

3  X2  3  4 


nVfc*(1> 


4h2 


+  pu2Oj 


pM2  (-1) 


(n-1 )/2  e26  4  Vfl  eJut 
Cl»>  n*  «2 
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In  this  equation,  nf  (xj,  x3,  t)  Is  the  liter*!  depen¬ 
dence  of  ti?  (xt,  xf,  xJ(t)  *  uj  sin  (n^^h). 

3i  results  of  the  transformation  of  the  conventlonil 
component  of  the  displacement  u  and  c-4  the  potential 
4.  make  to  replace  the  Inhomogeneous  boundary 
condltions^tY  e3wt/j  at  x,»*h  by  the  homogeneous 
conditions  +»0.  ihe  Inhomogeneous  ter*  of  the  equation 
results  of  this  transformation. 

Is  either,  for  the  unelectroded  part  of  the 
resonator  or  cu'  for  the  electroded  part.  C  ‘‘l  Is  the 
stiffened  elastic  constant  relative  to  the  correspon¬ 
ding  one  dimensional  mode  (Eigen-value  of  the 
Chrlstoffel  Matrix)  : 

c<l>  ■  -  8  k{l)3/n4*I  -  2  8) 

Is  a  constant  that  Includes  the  electrical  and  mecha¬ 
nical  effects  of  the  metallization.  4k'u‘7n4*4  is  the 
relative  frequency  lowering  due  to  the  electrical  ef¬ 
fect  of  the  metallization  ;  R  •  Zu'h’/eh  is  the  rela¬ 
tive  frequency  lowering  due, to  the, Inertia  of  the  elec¬ 
trodes  (figure  1).  c'*'«C}‘*(l-k'1'‘)  Is  a  pseudo  ordi¬ 
nary  elastic  constant,  k*1'  Is  the  coupling  coefficient 
of  the  corresponding  one  dimensional  mode. 

M'n  ,  are  Intricate  functions  or  the  material  cons¬ 
tants  and  of  the  plate  orientation  (5). 

To  simplify  the  notations  and  also  to  be  able  to  com¬ 
pare  the  computed  results  to  experimental  ones  obtained 
with  Y  rotated  plates,’  we  consider  In  the  following 
only  the  case  of  plates  of  class  32  crystals  with  mono- 
clinic  symotries.  This  does  not  Involve  any  losses  of 
generality  in  the  calculations  since  it  is  sufficient 
to,  replace  M„,  C5.,  c6.,  k,t  by  the  values  of  M^,  P^, 
C'1*,  k™'  computed  for6an  Jrbitrary  orientation  and "a 
particular  thickness  mode  to  consider  again  the  general 
case  (11). 

As,  most  frequently,  we  make  also  the  assumption  that 
the  lateral  dimensions  of  the  plate,  are  sufficient  to 
have,  for  the  considered  modes,  a  negligible  vibration 
amplitude  at  the  plate  edges  (i.e.  we  consider  only 
perfectly  trapped  modes). 


For  the  unelectroded  region  ; 
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Equations  13 J  and  [4j  are  transformed  In  isotropic 
equations  by  the  transformation  xj  fgpfh.x!  ;  xj 
*\  WJo/Cggxg  and  then  separated  In  polar  coordinates  r 
and  t  (rcost  ■  x'j  ;  rslnt  ■  x'j). 

u"  -  Rlr).  T(’t)  (II J 

For  the  electroded  part,  the  following  ordinary  diffe¬ 
rential  equations  are  obtained  : 

r*i|!$+  r  £  a  R  (r<*k«  -  v4)  ■  0  (12  J 

or  ur  i  * 

4&*v*T«0  [13  j 

The  separation  constant  v  must  be  an  integer  since  he 
solution  T(v)  oust  be  periodical  with  2«v  as  period  ; 

v»m. 


For  the  electroded  part  of  the  plate  the  equation  is 
now  for  an  anharmonic  mode  near  the  nlt1.  overtone 
(n*l,3,5...)  : 


to  uf.U  +  c55  U1 , 33 


~  C66  S;  ♦  p«2  u? 
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«  pu2  {-l)<n-l>/^;26/C66)4 
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HI 


T  ■  Cg  cos  mt  a  OJ™  sin  au  (14) 


Figure  1  :  The  plane  resonator. 


where  :  uj  *  Uj  (xj  ,  x3,t)  sin  (il^) 

For  the  unelectroded  part  we  have  : 

*1,11  +  C55  °?,33  -  *£/  C66  n  +  P“2  Ol  "  0  l2  J 


Eigen  Modes  at  V*Q  (ui  =  u, ) 

In  a  first  step  we  calculate  the  eigen  modes  at  Vo=0  of 
the  resonator,  the  equations  are  normalized  by  division 
by  C66,  they  take  the  form  of  Helmotz  equations  : 


For  the  electroded  region 


Mn 

C 


66 


~n 

ul,ll+ 


Cec  ~n 

IT  Ul>33 

C66 


+  k e  i?»  0 


[3] 


Equation  [12 J  is  a  Bessel  equation  which  has  for  solu¬ 
tions,  finite  at  r  ■  0,  the  Dessel  functions  of  first 

kind 

R(r)  =  US  'VV  1 15  J 

We  choose  to  express  the  general  solution  of 
[3]  under  the  form  : 

-n  m=»  _ 

U1  =  ra20  Jm<r  keMc£  c°s  +  Oft  sin  mt)  [16] 

In  a  similar  maner,  for  the  unelectroded  part,  the 
general  solution  contains  modified  Bessel  functions  of 
the  second  kind,  which  are  the  solutions  bounded  at 
infinity  of  the  modified  Bessel  equation  resulting  of 
the  separation  of  (4). 
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«l  ■  |t*  K,  (r.kjMEjJcos  mx  ♦  Fj  sin  *{)  (17) 

Generally,  the  electrodes  and  the  modes  that  C4n  be 
excited  In  plate  with  parallel  faces  lave  symetrles 
Out  permit  to  reduce  expressions  (16)  and  (17).  For 
example  with  electrodes  syaetric.il  In  xj  end  xg  only 
aodes  symetrlcal  In  xi  and  xj  are  excited,  then  the 
coefficients  0,  and  F.  vanlshe.  However,  even  in  this 
case,  It  My  be  useful r  to  consider  also  the  antisyme- 
trlc  nsdes  that  can  be  excited,  In  real  resonators,  as 
the  result  of  alnor  defects  (slightly  unparallel 
plates,  electrode  nlsallgment  etc...).  An  exaapie  of 
such  aodes  will  be  given  below. 


loundary  and  Continuity  Conditions 


Oue  to  the  sin  (n*x2/2h)  dependence  of  U}  and  to 
the  aethod  used  to  establish  the  equations  (1)  and  (2), 
the  boundary  conditions  on  the  Mjor  surfaces  noraal  to 
x?  are  approxiaatlvely  verified  (S).  At  the  electrode 
edge  we  have  to  express  the  continuity  of  Uj  and  of 
bui/bn*.  This  can  be  approximated  by  expressing  these 
conditions  at  only  a  discrete  number  of  points  p.  (12) 
(13).  In  the  case  of  a  syaetrlcal  electrode  and  of  a 
symetrlcal  mode  these  conditions  at  the  point  M"(rl, 
xH)  take  the  fora  (0„  ■  0  ;  Fm  *  0  ;  a  ■  21)  : 


Fiqure  2  :  Olscretixatlon  of  the  continuity  conditions 
at  the  electrode  edge. 


I  cm  Ja  (rq.kc)cos  «xq*  J  EjjK„  (rqkj)cos  «tq  (18) 
o  0 

T  c£  rqk.J*  cos  at1!  (aHc*cos-*q+pNqslr»T  ^ 

“  W  C  Pi  i  a 

o  1  1 

+  J  CjJ.M.Jn  sin  at1!  (aN?sinxq-pN^cosxq)  (19) 

o 

■  J  EjJrq.k^K(Jl  cosmxq(aNqcosxq*pHqsinxq) 
o  1  3 

+  J  EjJ.m.K,,,  sin  mxq  (aN<lsinxq-pNqcosx(l) 
o  1  3 

where  :  the  Index  a  has  only  even  values  m  *  2  I 


a  »  \  'C  /Mn  ;  p  *  \,  C  /C 
V  66  v  66  55 

Nq{Nq,  Nq)  is  the  normale  at  point  Mq 
l  3 

J«.  Ja-  *n  are  respectively  : 
Jffl(rq.kJ,  d  Jm  (rq,kel 


d(r9.ke) 


,  Kjr^kj)  etc.. 


For  the  p  points  at  the  electrode  boundary,  2p  slrles 
equalities  are  obtained,  to  have  an  eigen  solution,  the 
serle  arc  truncated,  to  p  terms  ;  this  gives  an  boeoge- 
neous  system  with  2  p  coefficients.  To  have  non  zero 
solutions  In  the  coefficients,  the  determinant  of  the 
homogeneous  linear  system  must  vanish.  This  constitute 
an  equation  to  the  eigen  frequencies  f„tf  (p  •  1.  2, 
3...)  which  Is  numerically  solved  In  the  Interval  Jfw, 

fClt‘ 

A  matrix  expression  of  the  truncated  continuity  condi¬ 
tions  of  Ui  [I8j  can  be  found  for  the  p  points,  as  : 

ijq  -  li^  Ej)  q  -  1,  -P 

where  :  r  ■  d„  (rq*kc)  cos  (mxe**) 

1  *iq  ■  K*  (rq,hj^)  cos  (mtq) 

Similarly  the  continuity  of  5ui/fin  at  the  p  points  can 
be  expressed  after  truncation  by  : 

Jmq  ^  *  Jm^ 

The  homogeneous  system  Is  : 

0 

This  formulation  will  be  used  for  the  case  of  the  cor¬ 
rugated  resonators. 

The  eigen  modes  are  obtained  by  the  solution  of  the 
homogeneous  system  for  each  of  the  eigen  frequencies. 

On  the  whole,  the  eigen  modes  for  the  electroded  region 
are  given  by  : 

u"j  •  sin  (n  *Xj/2h)  u"{! 

ufj  -  eJ«l  *riS  J2i  <r‘  C>cos<2  ,t1  l20) 
1*0 

and  for  the  unclectroded  region  : 
uj]  ■  sin  (n  xXj/2h)  u"}! 

aS  ■  e^ut  rP'k  ft  h\  (<-.k^)cos(2  lx)  (21 ) 
1*0 


where  !  the^tj  andSSj  are  of  the  form  Cj/Cs  and  Ej/Cs 


The  corresponding  transformed  potentiel  Is  : 

M*  „  Ss_  (Sjn(n— ±2)  -  (-l)(n’1,/2  ^L)  (22) 

e  e  l  2h  h 

22 

These  eigen  solutions  must  verify  the  orthogonality 
relations  : 
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with  : 


llln  \  \  "  ■  Ills,  \  5u  "  '  IllnVn  " 

Vt  ■  total  volume  of  the  pill* 

Vt  «  electroded  volume 
V,  •  Vt  -  it 
fore t<  vibrations  : 

The  modes  forced  by  the  potential  V0tJat  can  be  obui- 
ned  by  a  linear  combination  of  the  eigen  Modes  at  Vn  ■ 
0 

For  the  potent!  al  a  suplementary  tera  wit  be  added 
(14) 

u.  »  ll  h"1*  5"“  sin(n*  x./2h)  (24) 

"  *  1  *  V  e 

;  •  J  J  H"*  pH*  ♦  ^  (25] 

where  :  As  in  (23]  Uf11  is  either  Dj)!  or 
„  e  *  V  Jut 

u  •  G  -  -24-2-2*^ 

I  1  2h  C 

«e 

u  being  the  forced  solution, 
l 

Accounting  for  the  fact  Out  the  orthogonality  of  sin 
(n**2/2h)  has  already  been  expressed  in  (1]  and  [2]  we 
substitute  in  these  equations  the  lateral  dependance  of 

«1- 

^  k 

Then  we  Multiply  these  relations  by  ui  and  integrate 
respectively  on  Vc  and  Vt.  The  summation  of  these  two 
relations  gives  : 

-  „  ...  *2  .  ^  .  UI  ~  np  ~  kA  ... 


ll  *  * 

<« 

#  , , pw2e  4V  fr)ut  ...  „ 

■M>  w  —fjr~lll,  °>  dV 

fit  * 

Using  the  orthogonality  relation  : 

(5  5,lad'  ■  2  *llh  ' iS  ■  2  ‘nkV  *ln11'' 


We  obtain 


H  -  (-1) 


(n-l)/2  f2  h  e2t  .V  ckjyse  3  nMdS 


,2Ati 

Is  n *  electroded  surface 
I  St  ■  total  surface 


2H  (n)(u) 


Electrical  response  : 


02  *  e  u  -  c  tj. 

‘  26  1*2  22  *2 

0,  ■  111  V  eiut(k2  +1)  +  I  l  (-l)(n“1)/2  H"*1  Q  "l1  _2i 
£  2h  o  26  n  P  1  h 

and  the  relation  Y  =  -  — U*  jj  D£  dS 


we  obtain  the  expression  of  Oie  admittance 

|Se.e  ,  f2  4  k2*  h(JC  3  dSj2 1 

Y  »J«  \JLJI  (k2  »1)  -  ll.  —  - 

l  a  »  nW-f2,)  2n2*2  I 

The  identification  with  the  ad*iiiancc  of  Otc  classical 
equivalent  schtMC  leads  to  : 

Se<S  , 

cz  *  “a r  u«  *  n  It  Pc.  S4P4cU,nc<  (281 

j8  k2  e  t  h(/La  n“  ds)2 

c„  .  L_ . [291 

l  n2*2  2  h  1  1  ‘ 

As  expected  for  stiffened  aodc  resonators  the  parallel 
capacitance  contains  Cj  and  an  infinite  sun  of  the 
opposite  of  the  capacitances  of  all  the  woes  : 

c°  ■  CZ  -  c  C  cn*  (30) 

In  the  case  of  one  dtMensional  nodes  of  ap  infinite 
plate,  the  sum  -  5  5  c"»  is  equal  to  -  k‘  Se  rjjfth 

which  reduce  the  parallel  capacitance  at  high  frequency 
to  the  usual  value  of  C0  «  Se  cg2/2h  whereas  C*  ■  Sc 
sjj/2h  is  the  low  frequency  capacitance. 

UI  -  HOOEL  FOR  THE  CORRUGATEO  RESONATORS 

Resonators  having  a  groove  outside  the  electrode  were 
proposed  by  Kakazawa  et  at  (15).  SiMilarly,  plane  reso¬ 
nators  having  an  inverse  mtsa  structure  were  presented 
to  control  the  energy  trapping  by  lukaszek  (16).  This 
aethod  of  using  discrete  lateral  variations  of  the 
thickness  to  control  the  energy  trapping  in  plane  reso¬ 
nators  can  be  extended  to  confer  to  this  type  of  reso¬ 
nators  the  energy  trapping  behaviour  of  bevelled  reso¬ 
nators  or  of  plano-convex  resonators.  This  can  be  of 
large  interest  for  the  case  of  the  high  frequency  reso¬ 
nators  for  which  it  is  very  difficult  to  realize  the 
contoured  shape  by  the  conventional  Methods  using  the 
lapping  and  polishing  techniques.  In  this  part  we  pro¬ 
pose  a  Model  to  analyse  the  energy  trapping  behaviour 
of  resonators  having,  outside  the  electrode,  several 
flane  zones  with  different  thicknesses. 

The  figure  3  indicate  that  the  considered  resonators 
have  N  different  zones  with  different  thicknesses,  N-l 
being  situated  outside  the  electrode.  We  make  the  sim- 
plifing  hypothesis  that  the  cut-off  frequencies  for 
theese  regions  are  all  higher  than  that  of  the  elec¬ 
troded  region.  We  make  also  the  hypothesis  that  the 
thicknesses  of  all  the  regions  are  not  very  different 
so  that  no  boundary  conditions  are  to  be  considered  on 
the  different  steps  appearing  across  the  resonator. 

III.l  -  Eigen  modes  at  V  ■  0  : 

The  partial  derivative  equations  governing  the  lateral 
variations  of  the  displacement  in  the  different  regions 
of  these  resonators  are  equations  [1]  and  [2].  For  the 
central  electroded  region,  the  eiqen  solution  is  still 


et: 


i—J .  I  - t— j  r 

:  i>,  :  ; — j— 1| 


Figure  3  :  Geometry  of  grooved  resonators. 
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given  by  the  expression  [16].  For  the  external  regions, 
except  the  list,  without  any  particular  hypothesis 
concerning  the  thickness  distribution,  It  is  necessary 
to  include  In  the  solution  given  by  expression  (171  the 
•edified  Sessel  functions  of  first  kind  since  the  eigen 
solution  has  not  now  to  be  bounded  nor  at  aero  neither 
at  Infinity. 

For  such  a  region  M,  the  eigen  solution  (sy»etrfcal 
•ode)  is  thus  : 

C°*  1  K2l(r'kM),c2l  *21  j  l31) 

where  :  k  2  ■ 

n 

fCK  "  -4t£“  \ 

Zh^  Is  the  thickness  In  this  region,  f^  is  the  corres¬ 
ponding  cut-off  frequency. 

To  simplify  the  formalism,  in  the  following,  we 
use  for  this  eigen  solution  the  fora  : 

“lH  *  oL  C°J  l2Z] 

where  : C  Is  either  K  or  1 

For  the  most  external  region,  since  we  consider  only 
tripped  nodes,  the  solution  only  contains  the  modified 
functions  K. 

Continuity  conditions  :  As  for  the  case  of  the  plane 
resonators  we  use  the  approximation  of  expressing  the 
continuity  of  u.  and  of  au./nn  at  only  a  discrete  num¬ 
ber  of  points  (p)  at  each  region  boundary  {figure  4). 
After  truncation  of  the  series  to  p  terms,  these  condi¬ 
tions  can  take  the  matriclal  form  given  in  paragraph 
II. 

For  the  p  points  at  the  limit  of  region  M  and  H  ♦  1  the 
continuity  of  Uj  can  take  the  form  : 

<Si  *  •  <8l  •!*'  i") 

where  :  t(Jj  »CW  cos  (Hm).xJ) 

tmJ1  *CB  (r^.k^j)  cos  (1(«)m3) 


Figure  a  :  Discretization  of  the  continuity  conditions 
for  the  grooved  resonators. 


Similarly  the  continuity  of  the  normal  derivative  can 
be  written  : 

S«j  A*  •  S«i*  A™  (34] 

For  all  the  region  boundaries  we  have  : 
t»A»  -  t"A»l 

•  t»»A»» 


(»NAN-1  .  tNAN 


from  which  one  obtains  : 


t»A>.t».(f”)-l.tHI 

....{f**i):lt«.AN 

|36] 

slA»-*«.(s'II)-,‘.*«» 

....(s’«-i):‘s*.A« 

|37) 

or  : 

tW  ■  vW 

/t1  -  Vn\/A!\ 

s«A»  ‘  V»A«  °r 

V  -  v*'U  "° 

]38] 

The  problem  admits  non  trivial  solutions  ln(Al,  AM)if 
the  determinant  or  the  homogeneous  $yte«  1 33]  vanishes. 
This  constitutes  the  equation  to  the  eigen  frequencies 
which  mxst  be  numerically  solved  for  the  eigen  fre¬ 
quencies  fn  .  The  coefficients  of  the  eigen  modes  in 
region  I  ana  N  are  obtained  as  the  solutions  of  the 
homogeneous  linear  system  for  the  eigen  frequencies. 
The  coefficients  for  the  other  regions  are  obtained 
from  hack  substitution  in  the  relations  !3S]  and  reso¬ 
lution. 

The  forced  modes  can  then  be  obtained  by  a  method  which 
is  formally  identical  to  those  given  in  §  II,  u.  being 
now  defined  by  piece  in  the  unelcctroded  region. 


S*A*  .  s"a» 
S.|I*U  „  SIIIAIII 


IV  -  PROPERTIES  OF  THE  RESOLUTION  METHOD 

Convergence  For  the  resonators  with  circular  elec¬ 
trodes'!  tne  convergence  of  the  eigen  frequency  is  very 
fast,  when  the  number  of  points  at  which  the  continuity 
conditions  at  the  electrode  edge  are  expressed,  is 
increased.  In  figure  5  this  is  represented  for  the  case 
of  the  fundamental  and  the  first„anhar»onic  of  an  AT 
resonator  (17)  (2h  «  200  pm  ;  R  »  1,92  •;  re  *  2.8 
mm). 


In  the  case  of  a  resonator  with  an  elliptical  elec¬ 
trode  respecting  the  lateral  anisotropy  of  the  plate 

(I.e.  with  an  axis  ratio  ■  (^2-j‘a  totally  analy¬ 

tical  solution  can  be  obtained  in  r,  t  coordinates. 
With  this  solution  it  is  sufficient  to  express  the 
continuity  conditions  for  the  (unique)  corresponding 
value  of  r.  To  test  the  numerical  model  we  have  compu¬ 


ted  the  eigen  frequencies  for  an  AT  plate  withxn  ab  ■ 
25  T!  mu2;  £  ■  (cgfj  ’  R  *  0.95  •,  as  a  function  of  the 

number  of  points  at  rhe  electrode  edge.  To  the  preci¬ 
sion  at  which  the  eigen  frequencies  are  computed,  they 


are  identical  for  p  =•  4  to  p  ■  9. 

fn*10692794,886  f12»10773750,813  f13=10785592,817  Hz. 


In  figure  6  are  represented  the  convergence  proper¬ 
ties  for  an  elliptical  electrode  with4r.ab  =  25n  nm*  ; 

a/b  =  2.0  and  R  =  0.95  5.  This  demonstrate  that,  as  the 
electrode  shape  becomes  more  and  more  different  of  the 
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case  corresponding  to  the  lateral  anisotropy,  wore  and 
more  points  are  required  at  the  electrode  edge  to  have 
the  same  precision.  However  due  to  the  Halted  absolute 
precision  on  the  material  constants  and  the  resonator 
paraaeters,  in  all  cases,  for  syaetrical  electrodes,  6 
to  10  points  give  aore  than  sufficient  precision  on  the 
eigen  frequencies  and  the  eigen  *odes,  even  for  the 
case  ( IjV)  of  resonators  having  polygonal  electrodes. 


J»/l  (.»*r«o*f  i,  .io’moa«  J  l 


Fiqure  S  :  Convergence  of  the  eigen  frequencies  for 
circular  electrodes. 


AF/p  (ppm) 


number  o(  point* 


Figure  6  :  Convergence  of  the  eigen  frequencies  for 
elliptical  electrodes. 


Unsymetrical  electrodes.  Unsymetrical  aodes 

In  the  case  of  unsymetrical  electrodes  (in  x^  or/and 
in  x3)  more  general  solutions  of  equations  II]  and  [21 
must  be  considered  so  that  more  terms  rust  be  retained 
in  expressions!  16]  and  117].  In  this  case,  the  antisy- 
metrical  modes  in  Xj  and  x3  can  be  excited  since  the 

integral  jj  ule  dS  does  not  vanish. 

The  case  of  unsymetrical  modes  excited  in  plates 
with  syaetrical  electrodes  presenting  sligh  imperfec¬ 
tions  (18)  (electrode  misaligmc-nt,  tab  not  exactly  in 
x,  or  x3  direction  etc...)  can  be  covered  by  this 
theory . 

The  case  of  unsymetrical  modes  resulting  from  de¬ 
fects  of  parallelism  of  the  plate  can  be  considered  by 
introducing  in  equations  [1]  and  (2],h(xi,  x3).  This 
has  already  been  done  by  t^orsxy  (9)  with  the  use  of  a 
finite  difference  methode  of  resolution.  A  semi  analy¬ 
tical  method  with  a  discretization  of  the  continuity 
conditions  can  also  be  used  since,  in  this  case  the 
wave  equations  are  separable  in  Airy  equations  whose 
solutions  can  be  expressed  in  terms  of  Bessel  functions 
of  fractional  orders. 


The  experience,  in  the  case  of  sligh  defects  of 
parallelism,  shows  that  the  eigen  frequencies  of  the 
anti sywetr leal  modes  computed  for  the  corresponding 
parallel  case,  give  a  very  good  approximation  of  the 
observed  frequencies  and  modes. 

In  figure  7  the  3  first  eigen  frequencies  and  modes  of 
a  Y  rei editor  using  AlPO^  are  displayed  (17).  The  se¬ 
cond  and  the  third  modes  are  respectively  the  first 
antisymetrical  modes  in  x3  and  In  xj. 


Effects  of  the  electrode  tabs  :  The  method  of  solution 
permits-  to  consider  the  effect  of  Infinite  electrode 
labs  on  the  resonance  frequencies  and  modes  provide 
that  they  have  the  shape  of  circular  sectors  (figure 
8).  This  is  obtained  in  considering  in  the  tab  zone  a 
solution  In  the  form  : 


with  : 


£,0  C0J  lZU) 


fcr  «  cut  off  frequency  of  the  semi  elec- 
troded  tab  region 


The  continuity  conditions  are  then  expressed  as 
previously  described  at  the  electrode  edge.  Doing  this, 
we  neglect  the  continuity  conditions  along  the  radii 
limiting  the  tab,  but  since  uj  is  small  in  this  region 
and  has  generally  a  quasi  circular  symetry  this  is  of 
small  importance. 


Figure  7  :  Antisymetrical  anharmonics. 
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Figure  8  :  Model  for  the  electrode  ubs. 

Table  1  effect  of  electrode  tabs 


computed 
without  libs 

computed 
with  tabs 

experiment 

Mode  1 

10712. 

10711. 

10714. 

Mode  2 

1078S. 

10754 

10786 

Mode  3 

10812 

■  . 

10807 

For  the  computed  results,  the  hypothesis  of  infi¬ 
nite  lateral  dimensions  of  plate  and  tabs,  has  the 
consequence  that  all  the  Modes  having  frequencies  above 
fc«  (figure  9)  become  untrapped  when  the  tabs  are  con¬ 
sidered!"^ 


The  experiMentel  results  indicate  that  the  effect 
of  the  tabs  computed  for  the  fundamental  node  is  s*all 
and  is  probably  found  of  the  right  order  of  Magnitude. 
For  the  2nd  and  the  3  rd  Modes,  they  indicate,  that  the 
major  effect  is  that  they  become  lossy  because  they 
reach  the  fixation  of  the  resonator.  This  is  confirmed 
by  the  examination  of  the  experimental  Modes  on  figure 
10. 


10714  fcH(  10786 kHt 

t  » 


Figure  10  :  Experimental  modes. 


Figure  9  :  Frequency  response  of  the  resonator. 


A  comparison  with  experimental  results  was  made  in 
several  cases.  A  typical  example  is  given  in  table  1 
for  an  AT  resonator  having  the  following  character is- 
tics  : 

AT  quartz  o  =-35*15' 

2h  «  153.5  urn  R  «  .93  S 
fc.  »  10688  kHz 
fri  =  10823  kHz 
fcra  *  10772  kHz 

sumit  angle  of  the  tabs  20* 
tabs  in  the  x,  direction. 


On  the  whole,  the  proposed  method  can  describe  the 
small  effect  of  the  electrode  tabs  on  modes  with  eigen 
frequencies  lower  than  fcm‘  For  modes  with  frequencies 
higher  than  fem  it  is  necessary  to  take  in  account  the 
finite  dimensions  of  the  plate  (19)  and  the  properties 
of  the  fixation.  In  all  cases,  the  defects  of  paralle¬ 
lism  of  the  plate  near  its  edges  play  an  important 
rale. 


V.  Comparison  with  experimental  results  ;  effect  of  the 
electrode  geometry  7 


Resonators  with  circular,  rectangular,  hexagonal  elec¬ 
trodes  :  to  evaluate  the  numerical  model,  fundamental 
mode resonators  with  various  electrode  shapes  were 
investigated  using  AT  quartz  plates  having  a  thickness 
near  153,75  and  a  mass  loading  generally  of  0,95  5. 

On  figure  11  are  represented  the  computed  and 
observed  fundamental  modes  and  frequencies  for  a  reso¬ 
nator  with  circular  electrodes  (2  re  =  5  mn). 

On  figure  12  the  case  of  a  resonator  with  rectan¬ 
gular  electrodes  is  considered  (axl  *  5,15  ax3  = 
4,15  ant).  One,  can  observe  that  even  with  electrodes 
having  angular  points  the  computed  eigen  mode  is  an 
accurate  prediction  of  the  observed  one.  For  this  reso¬ 
nator  the  mass  loading  was  0,95  %. 

On  Figure  13  we  have  the  case  of  a  resonator  with 
hexagonal  electrodes  ahex  =  2,748  nm  ft  =  0,95  %,  Here 
again,  there  is  a  good  agreement  between  the  observed 
and  the  computed  frequencies  and  modes. 
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■  15  :  Response  curve  and  experimental  modes  for 
rectangular  electrodes. 


To  tne  contrary,  we  can  ooserve,  in  table  2,  that 
the  effect  of  the  electrode  geometry  can  be  very  impor¬ 
tant  for  the  enharmonic  mooes.  First,  **  oust  notice 
Thai' there  is  no  lunaemtntai  differences  between  the 
distributions  of  the  anharmonic  frequencies  for  the 
cases  of  circular,  square  and  hexagonal  electrodes.  But 
for  the  rectangular  electrodes  with  different  axj/ax, 
ratios,  large  differences  can  be  observed.  The 
resonator  having  ax.  ■  5,15  «*  and  ax,  «  4,15  m  is 
particular  since  these  dimensions  were  choosen  so  that 
ax, /ax,  *  *n  this  case,  •*  can  o*>ser ve  that 

the  2nd  and  the  3rd  inharmonic  modes  have  nearly  equal 
frequencies.  It  is  also  in  this  case  that  these  anhar- 
monlcs  are  the  more  distant  of  the  fundamental  frequen¬ 
cy.  This  signify  that,  if  the  surface  or  the  mass  loa- 
ding"  Is  reduced, '  it  Is  for  this  particular  rectangular 
shape  (with  ax ./** ™/C .)  that  the  enharmonic*  will 
first  desappear.  1  This  has  also  the  signification, 
that,  it  is  for  this  type  of  resonator  (among  all  con- 
si  de  re<TTiereTHTfj7£TTTs"'po[^^ 
dynamic  capacitance  with  a  single  mode  response 
I roramass  lotdini  hi4r5r  higher  than  l  *,  the  HynaiTE 
capacitance  of  the  fundamental  mode  has  small  (and 
favourable)  variations  as  ax  /ax  is  varied  at  constant 
surface).  With  the  electrode*  surTace  and  the  mass  loa¬ 
ding  used  here  we  have  2  symetrical  anharmonics. 

For  the  rectangular  electrodes,  as  ax  /ax,  is 
varied,  the  order  of  the  symetrical  mode  having  respec¬ 
tively  2  nodal  lines  along  x,  and  along  x,  change  for  a 
ratio  close  to yW/cj5  (figufe  15).  1 

Some  of  these  properties,  were  already  signaled  by 
several  authors,  they  have  the  consequence  that  it  is 
of  large  interest  to  make  use  of  the  lateral  anisolropy 
of  the  pUl*  in  the  design  ot  ine  resonators  particu¬ 
larly  for  their  applications  to  filters  and  VCXO. 

Incidentally,  we  can  notice  in  figure  15  that,  in 
some  cases,  the  nodal  lines  appears  to  have  directions 
making  an  angle  with  the  x  or  the  x,  direction.  This 
is  the  result  of  a  forced  mode  effect  due  to  the  cou¬ 
pling  of  an  antisymeiricai  enharmonic  mode  to  the  syme¬ 
trical  one.  Then,  at  least  two  terms  in  expression 
1 24]  have  non  negligible  values  in  this  frequency  range 
and  the  forced  mode  is  practically  a  linear  combination 
of  the  two  nearest  eigen-modes. 

Elliptical  electrodes.  The  elliptical  electrodes  with 
unxmitw  I/T5  *  ax  /ax  ■  v'S/lf  have  exactly  the 
same  anisotropy  as  the  crystal  plate.  To  investigate 
the  effect  of  the  electrode  anisotropy  on  anharmonic 
modes,  we  have  computed,  at  equal  surface  (a  n»b  -  25  n 
mm)  the  effect  of  the  variation  of  a/b.  The  considered 
mass  loading  were  0.5  X,  1  t  and  2  X,  the  thickness  was 
such  that  (ab)*/*/2h  ■  16.26. 

the,  results  are  given  in  reduced  frequency  (20) 
0  ■  vlff  -  fci/fc6  is  4  f°nct,on  0{  «/b  in  figure  15 
and  figure  16.  For  R  ■  0.5  X  (figure  17)  we  can  ob- 
serve,  as  previously  discussed,  that  there  is  no  impor¬ 
tant  variations  of  the  frequency  of  the  fundamental 
mode  with  a/b.  To  the  contrary,  the  unique  anharmonic 
mode  has  large  frequency  variations  and  it  vanishes 
when  a/b  approaches  \,’nn/Cr_.  On  figure  17  we  can 
observe,  for  a/b  near  v'Wc“,  the  exchange  of  the  2nd 
and  3rd  anharmonics  as  noticed  for  the  rectangular 
electrodes,  and  also,  for  R  =  2  t,  the  fact  that  the 
4th  anharmonic  mode  desappears  for  a/b  near  y/Mn/C  . 


On  both  figures,  we  can  observe  that  the  case  of 
the  circular  electrode  (a/b  =  1)  is  less  favourable 
than  the  case  with  a/b  #  y'Mn/C  .  The  design  diagram 
for  AT  Quartz  with  circular  electrodes  is  recalled  on 
figure  18  where  the  reduced  dimension  corresponding  to 
(a.b) A'^/2h  =  re/2h  =  16,26  is  noted. 
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On  figure  19  Me  compare  the  computed  modes  of 
resonators  Mith  circular  of  the  same  area  and  ellipti¬ 
cal  electrodes  of  the  same  area.  On  this  figure,  Me  can 
observe  that  the  resonant  frequencies  of  the  first  two 
antisymetric  modes  excjted  by  elliptical  electrodes  are 
nearly  equal  and  also  that  with  elliptical  electrodes, 
we  dont  need  to  use  plates  of  larger  surface  than  for 
circular  ones. 


VI.  Conclusion 

The  use  of  the  approximate  equation  established  by 
Professor  Tiersten  and  his  associates  together  with  a 
semi  analytical  method  of  solution  using  a  discretiza¬ 
tion  of  the  continuity  conditions  at  the  electrode  edge 
permit  to  construct  precise  models  for  the  plane  and 
corrugated  resonators.  Many  other  possibilities  of  this 
method  still  exist  such  as  those  to  take  in  account  the 
effects  of  the  finite  dimensions  of  plates  of  arbitrary 
geometry. 

Several  examples  proovlng  the  interest  of  making 
resonators  with  electrode  shapes  respecting  approxima¬ 
tive^  the  lateral  anisotropy  of  the  crystal  plates 
were  given.  Since  this  is  very  easy  to  implement,  and 

permits  to  improve  the  performances  of  the  resonators, 
especially  for  filter  and  VCXO  applications,  there  is 
no  reasons,  to  continue  to  use  circular  electrodes  in 
all  cases. 
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ABSTRACT 

Most  binary  semiconductors  of  type  II1-V  and 
U-Vi  crystallize  In  the  cubic  ztncblende  structure, 
class  A-bar  3m,  and  art  therefore  piezoelectric. 

This  leads  to  the  possibility  of  acousto-electronlc 
signal  processing  devices  and  technology,  a  field 
with  great  opportunities  for  growth  and  development. 

It  might  be  thought  that,  because  of  the  cubic 
symmetry,  the  acoustic  and  piezoelectric  properties 
would  not  vary  greatly  with  orientation.  Such  Is  not 
the  case.  Using  seml-lnsulatlng  gallium  arsenide 
plates  as  an  example,  graphs  are  given  of  propagation 
velocity  and  piezoelectric  coupling  for  both  lateral- 
and  thickness-field  excitation  of  simple  thickness 
modes.  It  Is  found  that  there  is  considerable 
acoustic  anisotropy  in  GaAs,  as  well  as  a  number  of 
orientations  having  Interesting  device  properties. 

The  maximum  levels  of  piezocoupling  are  about  55C,  or 
about  one-half  those  of  quartz,  for  both  forms  of 
excitation.  An  equivalent  electrical  transmission 
line  network  for  the  plate  vibrator  Is  also  given 
that  Includes  losses  due  to  conduction. 

INTRODUCTION 

Piezoelectric  resonators  are  fashioned  today 
nearly  exclusively  of  Insulating  materials  such  as 
quartz  and  lithium  tantalate.  Most  semiconductors 
have  moderate  piezoelectric  coupling  coefficients, 
and  this  fact  gives  rise  to  the  possibility  of  their 
use  in  Integrated  analog-digital  signal  processing 
devices  and  frequency  control  sources.*  In  this 
paper  some  of  the  pertinent  properties  of  this  class 
of  materials  are  examined.  Composite  resonators, 
consisting  of  insulating  and  semiconducting  layers, 
are  a  further  application  of  some  promise. ’  Table  I 
provides  an  overview  of  properties  for  some  crystal¬ 
line  materials.  Each  has  presently,  or  potentially, 
a  niche  in  the  marketplace.  Quartz  was  one  of  the 
first  crystals  In  which  piezoelectricity  was  dis¬ 
covered,  and  remains  still  the  most  important  mate¬ 
rial  for  classical  frequency  control.  Newer  crystals 
such  as  lithium  niobate  and  tantalate  are  now  firmly 
established  as  key  materials.  The  newest  substances 
shown:  berllnite,  lithium  tetraborate,  and  piezo¬ 
semiconductors  such  as  GaAs,  have  yet  to  prove  them¬ 
selves. 

Progression  in  materials  synthesis  relating  to 
our  subject  is  shown  In  Fig.  1  as  function  of  year, 
starting  with  the  discovery  of  piezoelectricity  in 
1880.  Two  main  branches  are  distinguished:  hydro- 
thermal  synthesis,  begun  around  1908  for  quartz  by 
Spezia,  and  Czochralski  melt  growth  originating  in 
1918.  Under  the  latter  method  come  the  unary,  non¬ 
piezoelectric  semiconductors  Ge  and  Si  in  class  m3m 
(diamond  structure),  the  very  high  piezocoupling 
refractories  LiNbOg,  and  LiTa03,  and  the  binary 
semiconducting  compounds  such  as  GaAs. 


Figure  2  shows  the  growth  of  IC  density  that  has 
revolutionized  the  electronics  industry;  similar 
hopes  are  held  for  MMIC  technology  using  binary  com¬ 
pounds.  The  added  feature  of  piezoelectricity  ex¬ 
hibited  by  these  materials  permits  greater  versatil¬ 
ity  of  function. 


TABLE  I. 

PIEZOELECTRIC  COUPLING  4 
FREQUENCY-TEMPERATURE  COEFFICIENTS 
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Figure  1.  Materials  progression  in 
acoustics. 
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BINARY  SEMICONDUCTORS 


GALLIUM  ARSENIDE 


The  binary  semiconductors  shown  In  Fig,  3  crys¬ 
tallize  In  either  the  sphalerite  or  wurtzitc  form.3 
The  latter  is  hexagonal,  class  6mm  (and  is  piezo¬ 
electric);  the  former  is  cubic,  class  ?3m,  and  is 
also  known  as  the  zincblende  structure.  Zincblende 
(|J-  ZnS)  was  among  the  crystals  in  which  the 
brothers  Curie  found  the  piezoeffect  (cf.  Table  1). 
Because  of  the  simplicity  of  their  structures,  these 
binaries  appear  not  to  have  any  representatives  that 
possess  a  zero  temperature  coefficient  of  frequency;  a 
resonator  proximate  to  microelectronic  elements,  how¬ 
ever,  certainly  can  be  compensated  by  them. 

TRANSISTORS  ON  A  SILICON  CHIP 


a  . . *  - . >m  I..*  i  i  i 

1900  70  80  90  00 


Figure  2,  Transistors  on  a  silicon  chip. 
ZINCBLENDE  STRUCTURES 

Gallium  arsenide  ^presently  the  most  important 
representative  of  class  43m.  Its  symmetry  elements 
are  shown  in  Fig.  4,  along  with  the  elastopiezo- 
dielectric  matrix  elements.  The  zincblende-structure 
materials  have  but  one  dielectric  permittivity,  and 
are  therefore  optically  isotropic.  They  have  three 
piezo  matrix  elements;  these  are  identical.  Of  the 
nine  linear  elastic  constants,  three  are  independent. 
The  elastopiezodielectric  matrix  shown  in  the  figure 
is  identical  to  that  of  crystals  in  class  23.  When 
other  effects  (e.g.,  photoelasticity,  optical 
activity)  are  considered,  the  difference  between  the 
classes  is  manifested.  Symmetry  elements  for  each 
class  are: 


43m:  6  mirror  planes;  6  2-axes;  3  4-axes;  4 
3  (inherent)  2-axes. 

23:  3  mirror  planes;  &  3  2-axes. 

Further  differences  emerge  when  the  numbers  of 
independent,  higher-order  elastic  constants  are  com¬ 
pared,  as  seen  in  Table  II. 

BINARY  SEMICONDUCTORS 
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Figure  3.  Binary  semiconductors  and  their 
crystal  classes. 


CUBIC  SYSTEM  VII b  CRYSTAL  CLASS  4  3m  (T«) 

Figure  4.  Gallium  arsenide,  symmetry  elements 
and  term  scheme. 


PRIMITIVE  REGION 

Orientations  considered  below  are  described  by 
the  usual  Euler  angles# and  8  for  the  axial  double 
rotation  given  by  (YXwZ)  0/0.  The  first  rotation 
about  X3  (Z),  by  angle  ■8’,  is  followed  by  a  second 
rotation  about  Xj *  (X  ),  by  angle  0.  The  primitive 
region  for  quartz  (class  32)  is  customarily  given  as 
0*  <#<  30\  -90*  <  0  <  90* ,  or  as  0*  <#<  60* , 

0*  7  8  ]c  90*,  for  a“total  of  X-/3  stera'Jians.  For 
cubic  materials,  the  primitive  region  is  bounded  by 
the  great  circle  paths  passing  through  the  [100], 
[110J,  and  [111]  directions.  These  boundaries  are 
described  in  Refs.  4  and  5  as  follows:  Path  I,  [100] 
to  [110],  0*  <J8<  45*.  B  -  0*;  Path  II,  [110]  to 
[111],  #■  45T,  0T<  0  <  sin-1  (i/VJ);  Path  III, 

[100]  to  [111],  0*  <#<  45*.  tan  6  ■  sin#.  The 
total  solid  angle  is  ?r7l2  steradians.  It  is  con¬ 
venient  to  employ  the  space  0*  <#£  45*, 

0*  <  0  <.  90*;  this  consists  of  three  primitive 
regTonsT 


TABLE  II.  NUMBER  OF  INDEPENDENT  CONSTANTS. 


Elastic 

Constant 

Type 

Crystal  Class  ] 

Order 

of 

Maanitude* 

"nor 

4  m3m 

(Hooke) 

£ 

3 

3 

102 

£ 

6 

8 

103 

c 

4 

11 

14 

10< 

C 

18 

26 

105 

\ 

32 

48 

106 

£ 

48 

76 

107 

*  (0.3  to  3.0)  GPa  times  number  indicated 
for  main  elements. 
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MATERIAL  COHSTAHTS^-IS 

In  Table  III  are  listed  the  material  constants 
for  indium  phosphide  (43m)6,  the  teflry  alloy10 
AXvGai.xAs,  (33m)  and  silicon3  (m3m).  For  aluminum 
gallium  arsenide,  the  permittivity  given  is 

S11  *  eUT  -  «14<>14  "  611T  -  ei42/c44» 

to  account  for  the  piezoelectric  contribution  to<~s. 
Figure  5  plots  the  relative  positions  of  a  number  of 
piezoelectric  and/or  semiconductor  materials  as  func¬ 
tion  of  unit  cell  size  and  bandgap  energy,  that  is, 
the  energy  required  to  break  a  bond.  Larger  bandgaps 
in  general  indicate  higher  temperature  capability. 

For  A/xg*1-xAs>  both  coordinates  are  functions  of 
the  alloy  ratio  X,  as  are  the  material  values  in 
Table  HI.10 


UtXif  (KKt  II  (Y 


Figure  5.  Bond  energy  versus  cell  dimensions 
for  acousto-electronic  materials. 


GALLIUM  ARSENIDE* 

The  (100)  cut,  corresponding  to  the  [100]  direc¬ 
tion,  has  effective  elastic  constants  of  ca  ■  cn  and 
ep  ■  cc  ■  C44.  All  modes  are  elastically  uncoupled 
and  piezoinactive  for  thickness-directed  fields.  The 
frequency  constants  are  N,  ■  2.363  and  Nk  *  He  * 

1.672  MHz-mn.  For  lateral  field  excitation  the  shear 
modes  may  be  driven,  with  coupling  factors  shown  in 
Fig.  6.  The  displacement  for  the  extensional  mode  is 
along  (100);  the  other  displacements  are  perpendicular 
to  (100),  but  are  otherwise  arbitrary. 

For  the  (110)  cut,  effective  stiffnesses  are 
ca  *  C44  +  (cn  +  ci?)/2,  cb  ■  C44  »  C44  +  ei42/€ll. 
and  cc  ■  (cji  -  ci?)/2.  Frequency  constants  are  N»  ■ 
2.617,  Nb  ■  1.675,  and  Nc  -  1.237  MHz-itm.  Thickness 
coupling  factors  are  ka  *  kc*  0,  and  kb  "  6.068;  kb 
(thickness  excitation)  for  this  cut  has  the  same 
magnitude  as  kb  and  kc  (lateral  excitation)  for  the 
(100)  cut.  The  "b"  mode  is  polarized  along  Xi  (Z), 
and  the  "aM  mode  is  polarized  along  [110],  Figure  7 
gives  Jtj  versus  psi,  the  azimuthal  angle;  the  shear 
modes  are  inert  to  lateral  fields.  The  (lM)  cut  has 
modal  elastic  stiffnesses  Ca  ■  (cn  +  2c\?  +  4044  + 
4ci42/Gii)/3,  cb  ■  cc  ■  (cn  *  C44  -  cj2)/3.  The 
frequency  constants  are  Ha  ■  2.699,  Nb  ■  Nc  ■  1.397 
HHz-irm.  The  shear  modes  are  piezolnactive  for  thick¬ 
ness  fields,  while  k»  ■  4.348.  For  lateral  fields, 
k4  1  0,  and  ks  ■  4.208,  independent  of  psi.  Mode  "a" 
Ts  alonq  [llT],  while  the  shear  modes  are  perpendicu¬ 
lar  to  [ill],  but  otherwise  arbitrary. 

Passing  now  from  individual  cuts  to  the  general 
family  of  doubly  rotated  GaAs  cuts,  we  show,  in  Fig. 

8,  the  frequency  constants  Nm  (/IjB)  for  m  ■  a,  b,  and 
c  modes,  and  0*(9*)45*  forjB'.  Corresponding  thickness- 
directed  coupling  factors  for  m  ■  a,  b,  and  c  are  given 
in  Figs.  9,  10,  and  11,  respectively.  As  mentioned 
previously,  Fig.  8  covers  three  primitive  regions. 
Accordingly,  a  number  of  points  may  be  identified 


TABLE  III.  MATERIAL  CONSTANTS 


QUANTITY 

UNIT 

Indium  Phosphide 

In  P 
(4Jm) 

Gallium  Aluminum  Arsenide 
A4|x  Qa  1>x  As 

(43m) 

Silicon 

SI 

(m3m) 

Elastic  tllllnaaa 

C11 

10*  Pa 

102.2 

110.0 

♦ 

1.4X 

105 

e12 

S7.( 

53.0 

♦ 

3.2X 

04 

C  44 

40.0 

59.4 

- 

0.5X 

79.2 

Piezoelectric 

constant 

C/m» 

0.11 

-0.10 

0.065X 

*14 

Permittivity 

*11 

pF/m 

109.35 

110.27 

“ 

20.06X 

105.36 

Mass  density 

P 

103kg/m3 

4.797 

5.36 

- 

1.6X 

2.320 
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Kith  equivalent  cuts.  N,  is  maximum  atX »  45*, 

0  -  sin*i(l/rt)  -  35.26*;  this  is  (111).  At  this  same 


angle-pair,  Nfc  may  be  seen  to  equal  Nq.  At  0  «  45* , 
and  ST'  0*,  Nc  is  a  minimum;  this  is  (110).  For 
8  ■  90*,  the  (001)  cut,  equivalent  to  (100),  is 
reached. 

The  great  circle  paths  1,  II,  A  III,  described 
above,  may  readily  be  traced  on  the  curves  of  Figs. 
8-11.  For  example,  path  III  in  Fig.  8  runs  along  the 
J0''*  45*  line  for  each  mode  from  0  ■  sin‘Ml/t5)  to 
6  •  90*.  The  lateral  field  coupling  factors  for  these 
paths  were  given  in  Refs.  4  and  5. 


Figure  6.  Lateral  coupling  versus  azimuth 
angle  for  X-cut  GaAs. 


Figure  9.  Thickness  coupling  for  mode  a 
of  doubly  otated  cuts  of  GaAs. 


Figure  10.  Ihickness  coupling  for  mode  b 
of  doubly  rotated  cuts  of  GaAs. 


Figure  7.  Lateral  coupling  versus  azimuth 
angle  for  (110)  cut  GaAs. 


Figure  8.  Frequency  constants  Nm  for  doubly 
rotated  cuts  of  GaAs. 
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ACOUSTIC  CONE 


1379 


Another  point  of  interest  in  Fig.  8  is  thit  for 
which  0  *  28.7*  for  Nc.  This  point  his  ill  Nc  (O') 
viluts  very  neirly  equal,  corresponding  to  i  cone  of 
propigition  directions.  Figures  9-11  disclose  thit 
the  thickness  coupling  fictors  kc  (ff)  viry  ippreciibly 
with  8*  around  the  cone.  This  locus  of  equility  of 
mode  c  velocities  is  not  pirticulir  to  CiAs.  As  will 
be  seen  in  Figs.  12.  14,  ind  16,  on  enlarged  sciles, 
for  GiAs,  AjCAs  (AXx  Gai_x  As  with  x  ■  1),  ind  InP, 
respectively,  the  same  phenomenon  occurs.  Figures 
13,  IS,  ind  17  provide  the  corresponding  lateral 
field  coupling  fictors  kc  (O’).  Although  the  wive 
speeds  on  the  icoustic  cones  ire  neirly  the  same,  the 
excitition  strengths  for  both  thickness-  ind  lateral- 
directed  fields  ire  strong  funr*1”1  ;  of  ingle. 

EQUIVALENT  NETWORK 

Reference  16  describes  the  .rinsnission  line  ind 
lumped  element  equivilent  network  representitlons  for 
literil  field  excitition  of  plites  comprised  of  in¬ 
sulating  piezoelectric  media;  the  transmission  line 
network  for  thickness  excitation  differs  by  the  pres¬ 
ence  of  a  negative  capacitance,  and  is  shown  in  Ref. 

17. 

With  the  addition  of  electrical  conduction  the 
equivalent  networks  take  on  a  modified  form.  In  semi¬ 
conductors,  the  current  terms  other  than  displacement 
and  piezoelectric  flows  arise  from  carrier  drift  and 
gradients.  Charge  carrier  gradients  contribute  a 
diffusion  term,  while  the  drift  component  appears  as 
an  ohmic  term.  In  either  or  both  cases,  the  conduc¬ 
tivity  in  effect  makes  the  effective  dielectric  per¬ 
mittivity  complex.  The  piezoelectric  stiffening  term 
is  therefore  also  complex,  so  that  acoustic  velocity 
and  admittance  are  complex  numbers  as  well.  Table  IV 
provides  the  relations  for  the  equivalent  network 
parameters  for  insulating  and  semiconducting  crystals. 
The  quantity  F  given  there  is  for  conduction  arising 
solely  from  charge  carrier  drift;  inclusion  of  dif¬ 
fusion  complicates  the  form  of  F  but  does  not  change 
the  forms  of  the  equivalent  networks  in  Fig.  18  and 
19. 

Figure  18  is  the  exact  network  for  a  single,  sim¬ 
ple  thickness  mode  of  an  unbounded  plate  with  elec¬ 
tronic  conduction,  driven  by  a  thickness-directed 
field.  Lateral  field  excitation  would  be  represented 
by  short  circuiting  the  negative  C0  and  G0  elements  in 
series  with  the  piezo  transformer.  The  network  el¬ 
ement  values  are  given  in  Table  IV. 

In  Fig.  18  another  source  of  loss  could  be  in¬ 
corporated  without  changing  the  form  of  the  circuit. 
Admitting  the  presence  of  acoustic  viscous  loss  adds 
another  Imaginary  term  to  the  stiffened  elastic 
constant. 

Losses  due  to  elastic  viscosity  and  electronic 
(and/or  hole)  conductivity  are  most  simply  expressed 
in  the  forms  of  the  Butterworth-Van  Dyke  lumped  equiv¬ 
alent  circuits  given  in  Fig.  19.  These  are  derivable 
from  the  transmission  line  form  of  Fig.  18  by  means 
described  in  Ref.  16.  The  effect  of  elastic  viscosivy 
shows  up  in  the  presence  of  Rj,  the  motional  resist¬ 
ance,  which  is  in  series  with  Lj  and  Cj.  In  the 
absence  of  this  loss,  Ri~ >  0.  The  effect  of  elec¬ 
tronic  conductivity  appears  In  the  guise  of  a  resist¬ 
ance  R«,  the  static  resistance,  which  is  In  parallel 
with  the  static  capacitance  Cp.  This  is  identical  to 
the  equivalent  circuit  of  a  piezoelectric  ceramic  res¬ 
onator.  As  the  semiconductor  becomes  more  like  an 
insulator  R0_1— *•(). 


Figure  14.  Frequency  constants,  Nc,  for 
A£As  near  (YXw,4)j0f/28  . 


Figure  16.  Frequency  constants,  Nc,  for 
InP  near  (YXw^  )8/280. 
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Figure  13.  Lateral  couplings,  kc,  for 
GaAs  near  (YXw^jr/SK 


Figure  15.  Lateral  couplings,  kc,  for 
A£As  near  (YXw/)fir/280. 


Figure  17.  Lateral  couplings,  ^r,  for 
InP  near  (YXw^J^F. 


For  semiconductors,  the  temperature  coefficient 
of  R0  (for  each  mode  and  cut)  Is  apt  to  be  very  large 
and  a  strong  function  of  mode,  cut,  temperature  range 
of  measurement,  and  material-dependent  features  such 
as  doping  and  treatment.  It  is  a  potential  source  of 
error  in  the  determination  of  the  temperature  coeffic¬ 
ients  of  the  elastic  constants  unless  provided  for  in 
the  experiments. 

Table  V  gives  a  comparison  of  the  static  and 
motional  time  constants  for  insulating  quartz, 12,19,20 
for  the  nonpiezoelectric  semiconductor  silicon,  and 
for  the  piezoelectric  semiconductor  gallium  arsenide. 
It  is  seen  that  GaAs,  as  regards  conductivity  and 
static  time  constant  at  room  temperature,  is  approxi¬ 
mately  at  the  geometric  means  of  the  quartz-silicon 
values.  This  Is  approximately  true  for  many  other 
binaries  also.  The  elastic  viscosities  of  GaAs  are 
not  known  at  present,  but  are  thought  to  be  roughly 
the  same  order  of  magnitude  as  those  for  quartz  and 
silicon.  This  would  yield  the  same  estimate  for  its 
motional  time  constants,  approximately  ten  femto¬ 
seconds. 


TABLE  IV. 
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Figure  18.  Exact,  single  mode,  transmission- 
line  network  for  the  simple 
thickness  modes  of  a  piezoelectric 
semiconducting  plate. 
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TIME  CONSTANTS 


TYPE 


ELASTIC  VISCOSITY 
«*«  c*  n*|Mr,l 
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ELECTRONIC  CONDUCTIVITY 

€*•<?*«»  ♦'/,«  r,l 

r,«  <Vj-  >  n,c, 

(tisiic  time  centieM) 


•VO  CIRCUIT 
Baaea  xmaafsasxs 


Figure  19.  Tine  constants  and  the 
Butterworth-Van  Dyke 
representation  of  Fig.  18. 
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GALLIUM  ARSENIDE 
(«m) 

SILICON 

(m3m) 

Elastic  stttfnass 

Elastic  viscosity 

Motional  lima  constant 

c 

V 

T ,  «q/c 

10*  Pa 

10*‘  N.s/m* 

29  (AT) 

slow  shaar 
344  (AT) 

12  (AT) 

59  (110) 

last  shaar 

165  (c„):  79  (c44) 

1505  (nn):  553  (nil) 

9.1  (long.);  (.6  (shaar) 

Permittivity 

< 

10*”  F/m 

40 

lie 

105 

Conductivity 

a 

10-<*S/m 

1  (Z);  0  005  (X.Y) 

104‘ 

4.3  *  10*' 

Static  tlma  constant 

Tt  ««/<r 

s 

40  ;  8000 

.3 

~  10 

2.4  *  10*’ 

Ratio 

ro/r, 

— 

4  *  10**;  G  *  10" 

— 

2.7  *  10+T 
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Summary 

Sensors  employing  clastic  waves  have  been  devised  for 
delecting  a  wide  range  of  port-acoustical  measure  nils.  Examples 
include:  biological  substances  (antigens  in  a  liquid);  chemicals, 
such  as  styrene  vapor  and  hydrogen  sulfide;  electrical  and  mag¬ 
netic  fields;  temperature;  and  a  host  of  mechanical  measurands, 
such  as  position,  force  and  pressure,  acceleration,  and  material 
properties  such  as  viscosity.  The  reason  for  using  an  acoustical 
sensor  varies  with  the  application.  High  sensitivity  is  attractive 
in  the  case  of  chemical,  acceleration  and  temperature  sensing. 
Near-linear  response  and  wide  dynamic  range  are  also  important 
considerations.  l.ow  cost  and  simplicity  characterize  several 
acoustical  position  sensing  systems  for  use  with  robots  and  com¬ 
puter  displays,  in  many  of  these  applications,  the  output  variable 
is  a  frequency,  which  is  a  convenient  input  variable  for  digital 
storage  and  processing  circuitry. 

Most  of  the  newer  acoustic  sensing  devices  employ  resona¬ 
tors  or  delay-line  bulk-  or  surface-wave  oscillators  whose  fre¬ 
quency  is  affected  by  the  mcasurand.  Resonant  elements  that  arc 
used  include  conventional  piezoelectric  crystal  resonators,  such 
as  plates  and  tuning  forks.  SAW  resonators  focused  on  crystalline 
piezoelectric  substrates  or  In  sputtered  piezoelectric  thin  films, 
and  tiny  micromechanical  beams  and  bridges  formed  by 
integrated-circuit  fabrication  techniques.  Other  sensors  of  current 
interest,  particularly  for  position  sensing  and  materials  characteri¬ 
zation,  use  measurement  of  timing  and  reflection,  transmission, 
or  attenuation  nude  on  ultrasonic  waves  propagating  in  air  or  in 
a  solid. 

Device  principles,  operating  characteristics,  and  possible 
limitations  of  a  number  of  these  acoustic  sensors  will  be 
described. 

*«*»*«»•** 

Acoustical  techniques  have  been  used  in  sensors  for  many 
different  measurands  (see  Table  I). 


Tablet.  List  of  measurands  fur  *  bleb  sensors  might  be  of  interest.  Bul¬ 
lets  (*)  Indicate  measurands  for  which  acoustical  sensors  hate  been 
reported  (Original  table  of  measurands  is  from  Reference  1). 

Al.  Acoustic 

Al.l  • 

Wave  amplitude,  phase,  polarization,  spectrum 

All  • 

Wave  velocity 

AU 

Other  (specify) 

A2.  Biological 

Ail  • 

Biomass  (identities,  concentrations,  states) 

A2.2 

Other  (specify) 

A3.  Chemical 

A3.I  • 

Components  (idtmilits,  concentrations,  states) 

A3.2 

Other  (specify) 

A4.  Meelrie 

A4.I 

Charge,  current 

AU 

tacntUI,  potential  difference 

AU  • 

like  trie  6cU  (amplitude,  phase,  polarization, 
qvetrum) 

A4.4  • 

Conductivity 

IVemkMty 

All  • 

A4  M 

Other  (specify) 

AS.  Magnetic 

AS.I  • 

Magnetic  held  (amplitude,  pbvc,  polarization 
spectrum) 

AJ.2 

Magnetic  lux 

Aid 

IVrmcahility 

AJ.4 

Other  (specify) 

At.  Mechanical 

A6.I  • 

Ptaution  (linear,  angular) 

A&2  • 

Velocity 

A6J  • 

Acceleration 

A6.4  • 

Forte 

Mi  . 

Stress,  pressure 

A6.6  • 

Strain 

A6.7  • 

Mass,  density 

AiJt 

Moment,  tortp* 

A6.9  . 

Speed  of  #ow.  rate  of  mass  transput 

A6.I0  • 

Shape,  toughness,  orientation 

A6.ll  • 

Stiffness,  compliance 

A6.I2  • 

Viscosity 

A6.I3  • 

Crystallinity,  structural  Integrity 

A6.14 

Other  (specify) 

A7.  Optical 

A7.I 

Wave  amplitude,  phase,  polarisation,  spectrum 

A7  2 

Wave  velocity 

A73 

Other  (specify) 

A*.  Radiation 

AS.I 

Type 

AS’ 

Energy 

ASJ 

Intensity 

A8.4 

Other  (specify) 

AS.  Thermal 

Ail  • 

Temperature 

AW 

Flux 

A93 

Specific  heat 

A9.4 

Thermal  conductivity 

A9i 

Other  (specify) 

Principles  long-used  in  ultrasonic  sensors  include  (1)  measure¬ 
ment  of  the  characteristics  of  reflected  ultrasonic  waves  (used  in 
non  destructive  materials  evaluation,  surface  characterization, 
{KJ'ition  sensing,  etc.),  and  (2)  study  of  sound  emitted  from 
structures  under  stress  (for  example,  acoustic  emission 
measurements  to  assess  structural  integrity).  More  recently, 
ultrasonic  mleroscnsors  have  been  based  on  two  different  princi¬ 
ples: 

•  Shift  of  resonant  frequency  of  a  resonator  (used  to  sense 
biological  substances,  vapors,  pressure,  acceleration,  pres¬ 
sure,  etc.) 

•  Shift  of  operating  frequency  of  a  delay-line  oscillator  (used 
to  sense  biological  substances,  vapors,  electric  and  magnetic 
field,  pressure,  acceleration,  etc.) 
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The#  devices  deices  a  change  in  ultrasonic  wave  velocity  caused 
by  the  measurand  of  interest.  Surface,  raihcr  than  bulk,  waves 
have  been  utilised  in  the  newest  sensors  foe  higher  sensitivity. 
Increasingly,  techniques  developed  foe  integrated  circuit 
manufacture  are  being  used  to  fabricate  miniature  sensor  struc¬ 
tures  to  support  acoustic  wave  propagation.  Examples  arc  mem- 
brancs  and  beams,  fooned  by  etching  silicon  wafers,  that  may  be 
only  a  few  microns  thick  and  base  lateral  dimensions  ranging 
from  tens  of  microns  to  ninny  millimeters.  For  wave  transduc- 
lion  on  silicon,  which  is  not  piezoelectric,  one  may  use  sputtered 
zinc-oxide  thin  films. 

Four  effects  that  may  cause  the  ultrasonic  wave  velocity  to 
change  have  been  used  In  these  sensors: 

•  Mass  loading  of  the  surface 

•  Change  of  material  stiffness 

•  Change  of  electrical  conductivity  at  the  surface 

•  Change  of  permittivity  at  the  surface 

The  first  two  occur  with  non-piczoclcetrie  and  piezoelectric 
media,  while  the  last  two  oeeur  only  with  piezoelectrics.  In  gen¬ 
eral,  the  directions  of  the  first  two  changes  are  consistent  with 
the  observation  that  wave  velocity  vp  depends  on  density  p  and 
stiffness  c  as  vp  «  (cfp)w. 

Ultrasonic  techniques  arc  used  in  sensors  in  pan  because  of 
their  high  sensitivity  ami  large  dynamic  range.  Furthermore, 
ultrasonic  sensors  whose  output  Is  u  variable  frequency  are 
attractive  because  their  quasi-digital  nature  permits  them  to  inter¬ 
face  easily  with  digital  systems  for  data  storage,  display  and 
Interpretation. 


SxS^J^nwr^haGteledslla 

Table  II  lists  sensitivities  of  some  recently  described  SAW  sen¬ 
sors.  The  biological  and  chemical  sensors  listed  all  arc  based  on 
the  delay-line  oscillator,  which  is  described  in  more  detail  below. 
The  position  sensor  is  based  on  the  attenuation  of  a  SAW  probe 
beam  caused  when  an  object  such  as  a  human  finger  presses 
against  a  glass  display  screen.  Resonator  frequency  shifts  arc  the 
basis  of  the  acceleration,  pressure,  and  temperature  sensors  listed 
in  Table  II.  The  viscosity  sensor  involves  measuring  the  loss 
caused  when  a  viscous  liquid  contacts  a  piezoelectric  crystal  in 
which  a  horizontally-polarized  shear  wave  is  propagating. 
Finally,  the  mass  sensor  result  listed  is  for  a  photoresist-coated 
SAW  delay-line  oscillator  fabricated  in  lithium  niobatc. 

Fig.  1  shows  schematically  a  SAW  delay-line-oscillaior 
chemical  vapor  sensor  dial  Mild  be  realized  with  a  piezoelectric 
single  crystal,  such  as  lithium  niobatc  or  quartz,  or  with  zinc 
oxide  on  a  silicon  substrate.  Oscillation  at  a  frequency  f  within 
die  common  passbands  of  the  two  intenligital  transducers  will 
occur  if  (I)  the  amplifier  provides  sufficient  gain  to  overcome 
losses  in  die  acoustical  path  and  the  transducers,  and  (2)  die  fol¬ 
lowing  phase  condition  is  satisfied: 

(2rtf/Vp)L+<iE=2nN  |H 

where  L  is  the  cemer-to-cemer  transducer  spacing,  $E  is  the 
phase  shift  in  the  amplifier,  and  N  is  an  integer.  From  this  con¬ 
dition,  which  specifies  diat  the  total  phase  shift  around  the  loop 
must  be  an  integer  limes  2it  radians,  one  finds  that  the  fractional 
frequency  shift  is  equal  in  magnitude  and  opposite  in  sign  to  the 
fractional  velocity  change  caused  by  a  measurand.  Analysis 


based  on  a  perturbation  approach  shows  that  In  the  ease  where 
absorption  of  a  chemical  substance  causes  a  change  in  mass 
loading  of  the  surface  but  not  a  change  in  stiffness,  the  fractional 
frequency  shift  of  the  dclay-lim.  oscillator  can  be  written  as 

Sff/foVa-Cfj^M/A)  (21 

where  f0  is  the  original  oscillation  frequency,  C  is  a  coefficient 
roughly  equal  to  2xlO'7mVkg,  and  M  ami  A  are  thp  mass  and 
area  of  the  surface  where  material  ha?  been  added  or  removed. 3 
Such  oscillator  sensors  have  been  operated  at  frequencies  from 
10  to  300  MHz,  ami  have  stabilities  a*  high  as  l  part  in  107. 
The  coefficient  C  depends  ujxw  the  crystal  and  orientation 
used,  but  it  is  nearly  the  same  as  the  corresponding  coefficient 
for  the  familiar  bulk  resonator  vapor  scr.sor,  first  described  by 
Ssuerbrey.5  Ikcause  of  the  presence  of  the  fQ  term  ami  the  fact 
that  SAW  devices  can  lie  marie  at  frequencies  much  higher  than 
arc  praetieal  for  bulk  resonators,  the  sensitivity  of  the  SAW 
sensor  can  be  much  higher  than  that  of  the  bulk  wave  sensor. 
(Table  It  shows  the  computed  sensitivity  of  the  SAW  sensor  at 
the  highest  practical  frequency  of  3GHz,  This  sensitivity 
corresponds  to  detection  of  about  one  thousandth  of  a  monolayer 
of  added  material  in  the  acoustic  path.) 
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Fig.l  Surfacc-acoustic-wavc  oscillator  for  chemical  sensing. 


Some  techniques  used  to  deposit  coatings  on  delay-line  gas 
or  vapor  sensors  are  listed  in  Table  111.  In  addition,  techniques 
used  routinely  in  immunoassay  studies  for  immobilizing  biologi¬ 
cal  substances,  such  as  antibodies  and  enzymes,  may  be  useful 
for  making  ultrasonic  delay-line  biosensors. 


Achieving.  Selective  Response  in  SAW  Sensors 


As  Table  II  shows,  many  measurands  can  cause  a  change  of 
ultrasonic  wave  velocity.  Hence,  achieving  selective  response  to 
a  desired  measurand  must  be  addressed.  In  accelerometers,  par¬ 
ticular  crystallographic  orientations  that  minimize  cross-coupling 
have  been  investigated.  Because  of  the  effects  of  temperature 
upon  velocity,  many  investigators  have  used  temperature- 
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compensated  cuts  such  as  ST-quartz  as  the  sensor  substrate.  In 
addition,  most  reported  SAW  sensors  have  employed  a  reference 
und  an  active  device  to  reduce  interference  due  to  mcasuramls 
other  than  that  of  printary  interest.  Change  of  tlte  difference  In 
frequency  of  the  reference  and  active  device  Is  then  tttcasurcd. 
Automatic  control  of  the  gains  of  the  two  amplifiers  is  also 
found  to  improve  sensor  perfonttanec.  Recently  Venenta  ct  al.4 
have  described  an  all-silicon  SAW  delay-line  sensor  utilizing 
active  and  reference  ZnO-on-Si  delay  lines,  and  a  companion 
integrated  circuit  containing  amplifiers  ami  mixer  to  tlerivc  the 
difference  frequency. 


Tabic  II.  SAW  Sensor  Characteristics 

MlvASURANI)  SENSrriVlTY  REFERENCES 


Table  III.  Coating  ItcHnlqtK*  for  uliraumk  HcUHinc  %XK 
vapor  Mrttior*. 

Technique 

Comments 

1.  Subliming 

United  applicability. 

2,  Palming 

‘(hieknexx  uniformity  difficult 
to  achieve. 

J.  Spraying 

Uniformity  an  Issue:  droplets  noted 

In  deposit. 

4.  Ink-jet  printing 

Control  good:  process  can automated: 
Suitable  for  localized  deposits 

S.  Dipping 

Usually  effective:  ultimate  l< 
Ungmuir-lllodgctt  technique  foe 
depositing  mono- molecular  layers. 

biological 

Antigen  Exp.  13  micrograms  10-20  Mil*  S 


6.  Solvent  casting 


Provides  thickness  control  via 
dilution  used:  Improved  uniformity 
with  two-component  solvent. 


Chemical 

Vapor  Thcor.  to  3x10'"  g/c  m1  at  3  GHz  2 

Dimethyl  Exp.  358  llr/ppm  at  294  MHz;  selective  ft 

acetamide 

H,S  Exp.  to  10  ppb  claimed  with  activated  7 

WOj 

NO,  Exp.  to  0.5  ppm,  100  Hz/ppm  ct  -10  Mil*  4 

with  pthalocyanine;  selective; 
mass  loading  and  conductivity  change 


•  Exploit  specificity  of  certain  biochcmieal  reactions  (e.g., 
antibody-antigen  reaction) 

•  Employ  spectroscopy  (c.g.,  thermal  desorption  spectroscopy) 

•  Employ  pattern  recognition  (seek  pattern  in  responses  of 
many  absorbers  whose  responses  arc  not  completely  selec¬ 
tive) 

We  discuss  below  some  of  these  techniques  for  obtaining  selec¬ 
tive  response. 


Mechanical 

Position  SAW  on  glass.  4-lOMHz,  attenuation  7 

from  contact  on  display  screen 

Acceleration  Exp.  1400-10.000  I  iz/g  at  105  Ml  Iz  9.10.1 1 
Exp.  response  to  10'^g 

Pressure  Exp.  400  Uz/kPa  at  105  MHz,  temp.  9 

compensated  -40  to  80°C 

Mass,  Exp.  photoresist  etching,  75MI  Iz  osc.,  12 

density  690kHz  increase  for  I  micron  thickness 
reduction 

Viscosity  Exp.  159MHz  HPSW(SSBW).  13 

attenuation  «  (r))w 

Thermal 

Temperature  Exp.  2-3  kiiz/K.  0.1  mC  min.  resolvable  14 


With  chemical  and  biological  sensors  particularity,  the  fol¬ 
lowing  techniques  for  increasing  selectivity  have  been  con¬ 
sidered: 

•  Filtering  (c.g.,  using  zeolites  that  admit  molecules  smaller 
than  a  pore  diameter) 

•  Separating  molecules  by  rate  of  diffusion  in  a  porous 
absorber 

•  Exploit  solubility  parameter  differences  (match  absorber 
coadng  to  target  vapor) 

•  Utilize  a  chemical  reaction 


Marlin  ct  al.15  ar  Sandia  Laboratories  showed  that  with  iheir 
ZnO-on-Si  SAW  resonator  oscillator  one  could  obtain  a  correla¬ 
tion  between  molecular  size  and  rate  of  sensor  response.  They 
found  in  work  with  a  109MHz  oscillator  that  the  frequency 
dropped  quickly  upon  admission  of  a  gas,  and  then  continued  to 
decrease  at  a  much  lower  rate  (Fig.  2a).  They  interpret  the  sharp 
initial  drop  as  being  due  to  adsorption  on  the  ZnO  surface,  and 
the  slower  fall  as  a  result  of  the  gradual  permeation  of  the 
porous  ZnO  by  gas  molecules.  The  tinte  constant  for  this  second 
process  correlated  well  with  molecular  diameter  (Fig.  2b):  Tlte 
larger  molecules  diffused  in  rapidly,  while  the  smaller  ones 
diffused  more  slowly  into  the  film  as  they  tended  to  follow  the 
convolutions  of  the  pore  walls.  Thus  measurements  of  this  time 
constant  would  permit  discriminating  among  gases  on  the  basis 
of  their  molecular  sizes. 

ri-i  reel  im  cno-ns  smuRwen  nut 


Fig.2a  Frequency  shift  induced  in  the  SAW  resonator  sensor  by 
vapor  exposure  and  re-evacuation  (From  Reference  15). 
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ing.2b  Long-term  crjuilibraiioo  time  constant  v*.  sire  of  the 
vapor  molecule,  suggesting  size  restricted  permeation  into  the 
ZnO  layer  (From  Reference  15). 


Fig.3b  Response  of  dual-oscillator  SAW  sensor  exposed  to 
50ppm  of  styrene. 


SAW-SensorJIxcloitini-JL-ChcmkaLRcacticg 

Zeller*'6  has  described  a  SAW  dclay-linc-oseillator  sensor 
for  styrene  vapor  that  achieves  its  selectivity  by  employing  a 
chemical  substitution  reaction.  This  sensor  is  also  reversible. 

Fig.  3  shows  schematically  a  cross-section  of  the  sensor 
substrate,  polymer  coating,  and  vapor  Wow  outside  the  sensor. 
The  polymer,  operating  above  its  glass  transition  temperature  to 
ensure  rapid  diffusion  of  absorbed  molecules,  contains  solid  par¬ 
ticles  of  a  platinum-based  compound  that  contains  an  ethylene 
group.  Absorption  of  styrene  vapor  permits  a  reaction  to  occur 
in  which  styrene  substitutes  for  the  ethylene  group,  releasing  the 
ethylene  to  diffuse  out  of  the  polymer  into  the  surrounding  atmo¬ 
sphere.  The  mass  per  unit  area  of  the  polymer  increases  as  a 
result,  since  the  styrene  molecule  is  heavier  than  the  ethylene 
molecule  (molecular  weights  are  104  and  28  respectively),  and 
the  oscillator  frequency  falls.  When  tested  with  styrene  at 
50ppm  together  with  a  typical  co-contaminant  such  asmethy- 
cthyl-lcetone  (MEK)  at  300ppm,  the  sensor  did  not  respond  to  the 
co-contaminant.  Furthermore,  the  polymer  coating  could  be 
regenerated  after  prolonged  exposure  to  styrene  by  Wowing 
ethylene  over  it.  This  30MHz,  ST-quartz  device  could  be  used 
to  measure  both  integrated  dose  (total  frequency  shift  over  an 
exposure  time)  and  current  concentration  (rate  of  change  of  oscil¬ 
lator  frequency).  The  sensor  frequency  changes  at  a  rate  of 
25Hz/min  at  50  ppm  styrene  concentration.  The  estimated 
minimum  measurable  concentration  in  this  device  was  3ppm. 
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Fig.3a  Schematic  cross  section  through  polymer  coating  on 
SAW  styrene  sensor. 


ImmeaLblcJSAiiLSensoxj 

Sensor*  for  detecting  biological  substances,  as  well  as  cer¬ 
tain  chemicals,  may  have  to  function  while  imntcrscd  in  a  liquid. 
Worker*  familiar  with  SAW  devices  would  anticipate  difficulty 
since  the  propagating  surface  wave*  will  tend  to  radiate  energy 
into  the  liquid  and  hence  suffer  attenuation.  Viktorov'*'7  studies 
suggest  that  losses  around  4  dB/MHx-em  will  arise.  The  experi¬ 
mental  biosensor  results  of  Roedcrcr  and  Bastiaans'11  and  of  Bax- 
tiaanx5  show  that  the  losses  are  acceptable,  at  frequencies  as  low 
as  10MHz,  however.  In  spite  of  the  presence  of  a  liquid  column 
and  an  O-ring  that  scaled  the  senim  container  to  the  SAW  dev¬ 
ice,  the  authors  showed  a  clear  frequency  shift  when  a  antigen  in 
the  scrum  was  exposed  to  the  corresponding  antibody  which  had 
been  immobilized  on  the  ST-quartz  SAW  substrate. 

At  higher  frequencies,  serious  loss  is  anticipated,  so  other 
designs  for  low-loss  immersed  ultrasonic  sensors  arc  of  interest. 
We  should  note  first  that  two  conditions  are  necessary  for  energy 
radiation  into  the  liquid:  the  wave  on  the  solid  must  have  a  dis¬ 
placement  component  normal  to  the  surface,  and  the  wave  velo¬ 
city  along  the  surface  must  exceed  the  velocity  of  sound  in  the 
liquid.  Two  approaches  have  been  suggested  for  violating  these 
conditions  and  hence  eliminating  the  radiation  loss.  The  first  is 
to  use  a  horizontally-polarized  wave,  and  the  second  is  to  use  a 
low-velocity  Lamb  wave. 

Uflrizsmially:EoIaritcdJShcaL.Pc,yicc 

Workers  at  Sandi*'3  have  used  interdigital  transducers  on 
an  ST-quartz  plate  to  generate  horizontally-polarized  shear 
waves.  When  a  liquid  layer  was  present  on  the  device  shown  in 
Fig.  4,  viscous  coupling  of  the  vibrating  surface  to  the  liquid  was 
the  only  source  of  loss  --  no  radiative  loss  was  observed.  In 
fact,  in  tests  with  pure  water,  no  loss  at  all  was  observed  until  a 
small  quantity  of  surfactant  was  added  to  permit  the  water  to 
couple  to  the  quartz.  Study  showed  that  bulk  shear  modes  radi¬ 
ated  down  into  the  plate  from  the  imput  transducer,  and  that  the 
device  was  sensitive  to  viscous  liquids  placed  either  above  or 
below  the  quartz  crystal. 

Analysis  shows  that  the  attenuation  in  this  device,  measured 
in  dB,  is  proportional  to  the  square  root  of  the  viscosity.  The 
thickness  of  the  layer  of  liquid  that  takes  part  in  the  vibratory 
motion  is  8  =  (2tl/po)),/2,  where  rj  is  the  viscosity,  p  the  density, 
and  to  the  angular  frequency  of  the  wave.  This  layer  can  be 
quite  thin,  permitting  one  to  measure  viscosities  of  very  small 
liquid  samples:  for  example,  the  thickness  for  water  at  the 
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160MHz  operati ng  frequency  Is  only  about  300  angstroms.  The 
device  can  also  be  used  in  a  delay-line  oscillator  mode  10  meas¬ 
ure  chan{<s  of  mass  loading  at  the  surface,  as  In  the  study  of 
corrosion  of  a  deposited  metal  film. 


Fig.4a  Schematic  diagram  of  micro-viscomctcr  using  a  horizon- 
tally  polarized  shear  wave  (From  Reference  12), 


Fig.4b  Relative  power  loss  between  transducers  due  to  viscous 
damping  of  the  horizontally  polarized  shear  wave  (Front  Refer¬ 
ence  12), 
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The  phase  velocity  of  the  lowest-order  antisymmetric  Lamb 
wave  approaches  zero  as  the  membrane  supporting  the  wave  is 
made  arbitrarily  thin.  Since  velocities  of  only  a  few  hundred 
meters  per  second  arc  possible  with  practical  membrane  dimen¬ 
sions  and  operating  frequencies,19  an  immersible  membrane  sen¬ 
sor  (Fig.  5)  appears  feasible.  Computer  studies  have  shown  that 
a  zinc  oxide  film  on  such  a  structure  will  have  a  significantly 
higher  piezoelectric  coupling  coefficient  than  on  a  silicon  wafer 
of  standard  thickness.  More  importantly,  the  computed  sensi¬ 
tivity  of  oscillator  frequency  to  added  mass  or  thickness  is  typi¬ 
cally  an  order  of  magnitude  higher  than  that  of  a  SAW  device  at 
the  same  wavelength16  (a  wavelength  of  140  microns  was 
chosen,  corresponding  to  31  MHz  operation  of  the  SAW  device 
and  1.5MHz  operation  of  the  2-micron-thick  membrane  device). 


Ftg.5  Cross  section  of  ZnO-coated  plate-mode  oscillator  sensor. 
With  a  2-micron-thick  silicon  nitride  membrane,  ihc  lowest 
antisymmetric  mode  had,  at  2.9MHz  (140  micron  wavelength), 
a  ntcasurcd  phase  velocity  of  only  400ttv/s. 
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Sensors  based  on  ultrasonic  techniques  typically  .have  high 
sensitivity  and  large  dynamic  range.  The  resonator  and  delay- 
line  oscillator  acoustic  sensors  also  have  a  convenient  quasi- 
digital  output.  Acoustic  sensors  for  many  different  mcasurands 
have  been  reported,  as  indicated  in  Table  1.  The  use  of 
piezoelectric  thin  films  on  a  semiconductor  permits  combining 
acoustic  sensors  with  Integrated  circuitry  for  signal  conditioning, 
linearization,  and  other  purposes.  In  addition  to  their  promise  for 
conventional  sensing  applications,  these  devices  are  also  opening 
new  avenues  for  making  measurements  in  scientific  research. 
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Summary 

A  new  concept  (or  a  high  pressure  range, 
high  temperature,  quarts  resonator  pressure 
transducer  is  presented.  A  thickness  shear 
mode  resonator  is  surrounded  by  a  non- 
eylindrieal,  integral  shell  structure  that 
transmits  forces  to  the  resonator  iron 
externally  applied  pressure.  The  (orces  lack 
circular  symmetry  because  o£  the  shell 
geometry,  which  Is  n  circular  shell  with 
diametrically  opposed  flats.  Tills  non* 
symmetric  (orce  distribution  creates  non- 
symnetric  stress  in  the  resonator  that  shift* 
the  resonant  frequency  proportional  to 
applied  pressure. 

Finite  element  modeling  has  been  used  to 
calculate  the  stress  distribution  in  the 
resonator  due  to  the  non-synmetrlc  shell.  A 
theoretical  model  is  presented  that  simulates 
the  non-syametrlc  stress  with  superposition 
of  a  uniform  radial  force  and  diametric  force 
pairs.  Tli is  simulation  is  used  to  predict 
two  key  features  of  the  pressure  transducer! 
the  scale  factor  and  the  temperature 
dependence  of  the  scale  factor.  Hie  model 
predicts  that  proper  crystallographic 
orientation  and  dimensions  of  the  flats  can 
be  combined  to  increase  the  scale  factor  over 
that  obtained  with  a  circularly  symmetric 
shell  and  to  Isprove  the  temperature 
dependence  of  the  scale  factor.  The  new 
degrees  of  freedom  (flat  orientation  and 
dimensions)  increase  the  choices  for  design 
of  a  pressure  transducer. 

Introduction 

The  resonant  frequency  of  a  thickness 
shear  mode  quartz  resonator  changes  when  a 
static  stress,  called  initial  stress,  Is 
present  in  the  resonator  blank.  J  The 
effect,  studied  initially  in  order  to 
eliminate  it  in  frequency  control 
applications,  can  be  used  as  a  transducer 
mechanism.  The  most  successful  transducer 
application  has  been  the  pressure  transducer 
offered  commercially  by  Hewlett  Packard. 

Their  device  is  a  BT-cut  resonator  surrounded 
by  a  unitary  quartz  shell  that  isolates  the 
active  region  of  the  resonator  from  the 
pressure  medium  (usually  a  liquid)  but  has  no 
joints  in  the  high  3tress  region  near  the 
resonator.  The  shell  is  circular,  which 
results  in  a  uniform  radial  force,  or  a 
uniform  in-plano  initial  stress.  The  only 
degree  of  freedom  available  to  the  transducer 
designer  using  the  circular  shell  design  is 
the  crystallographic  orientation  of  the 
resonator /she 11  unit.  Thus,  only  one 
operating  characteristic  of  the  transducer 
can  be  optimized;  the  other  characteristics 
must  be  accepted  without  modification  for  a 
given  crystallographic  orientation.  Some  of 


the  transducer  characteristics  that  might  be 
desired  for  optimization  are  frequency  vs. 
temperature  behavior,  scale  factor  (frequency 
vs.  pressure),  temperature  dependence  of 
scale  faetor,  temperature  transient  effects, 
size,  and  cost,  with  only  one  degree, of 
freedom  to  work  with,  Hewlett  Packard 
decided  to  optimize  the  temperature 
dependence  of  scale  faetor  while  obtaining 
reasonable  frequency  vs.  temperature 
behavior.  The  OT-cut  is  the  only  choice 
available  for  this  criteria  when  a  circular 
shell  is  used.  Since  the  nr -cut  requires  a 
relatively  large  diameter  to  thickness  ratio 
for  proper  resonator  electrical  performance 
free  of  activity  dips,  the  overall  size  of 
the  transducer  is  large.  Hie  DT-cut  also  has 
a  strong  dependence  of  frequency  vs. 
temperature  behavior  with  small  changes  in 
contouring  of  the  convex  surface,  which 
raises  fabrication  costs. 

The  present  work  was  initiated  in  ordur 
to  add  more  freedom  to  the  choices  for 
transducer  design,  particularly  in  terms  of 
using  other  cuts  of  quarts  to  obtain  the  key 
advantage  of  small  size  for  lower  cost  and 
faster  thermal  response.  The  method  taken 
was  to  break  up  the  circular  symmetry  used 
previously.  This  idea  has  been  proposed  by 
others  using  slots  or  bridges  to  transfer  the 
forces,  or  stresses,  from  the  shell  to  the 
resonator  without  joints.  However,  stress 
concentrations  in  these  structures  near  the 
slots  preclude  use  at  higher  pressures 
because  of  brittle  fracture  of  the  quartz. 

The  proposed  approach  leaves  the  interface 
betwocn  shell  and  resonator  intact  around  the 
entire  resonator  perimeter  and  obtains  the 
dost  rod  synaetry  effects  by  using  a  non- 
circular  shell. 

Shell  Shape  Effects 

Figure  l  shows  the  circular  shell 
concept  used  by  the  earlier  workers.  Figure 
2  shows  the  non-circular  shell  used  in  the 
present  work.  The  end  caps  are  left  off  in 
Fig.  2  for  viewing  purposes.  Both  structures 
have  the  advantage  that  the  joints  to  the  end 
caps  where  a  glue  substance  nust  be  used  arc 
isolated  from  the  resonator  by  a  length  of 
shell  structure.  Since  quartz  is  single 
crystal,  there  are  no  gross  hysteresis 
mechanisms.  The  circular  shell  can  only 
generate  a  uniform  radial  compressive  stress 
in  the  resonator  disc  as  outside  pressure 
exceeds  inside  pressure.  The  non-circular 
shell,  on  the  other  hand,  causes  a  non- 
uniform  stress  in  the  resonator.  The  subject 
of  this  section  is  what  that  stress  pattern 
looks  like  and  how  it  depends  on  the  shell 
shape . 
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Figure  2x  Thicknoss  shear  mode  disc  resonator 
with  non-circular  integral  shell  and 
the  axes  system  used. 


Figure  3:  Strain  ratio  S„v/s¥„  for  the 
experimental  Al  moekflp  fGOfiuJ  using  a 
strain  gauge. 


A  finite  element  model  was  used  for 
analytical  investigations.  Shell  elements 
were  used,  which  handle  both  bending  stresses 
and  membrane  stresses,  the  program  used  ran 
on  a  desk  top  computer.  The  results  showed 
the  same  type  of  stress  behavior  seen  in  Fig. 
3  except  that  there  is  a  complex  tradeoff 
between  t*/e  and  t  /t,  where  t  is  the 
resonator  disc  thickness.  There  is  an 
endless  range  of  the  three  t  variables,  so 
the  only  quantitative  results  presented  here 
will  be  those  related  to  actual  quarts 
devices  tested.  Qualitatively,  the  amount  of 
symmetry  in  the  stresses  in  the  disc  depends 
on  whether  the  circular  symmetry  of  the  disc 
or  the  non-circular  symmetry  of  the  shell 
predominates.  Thick  discs  with  thin  shells 
tend  to  have  stresses  closer  to  circular 
symmetry  while  thin  discs  with  thick  shells 
tend  to  have  stresses  non-circular  in 
symmetry. 


An  Aluminum  mock-up  of  Fig.  2  fitted 
with  a  strain  gauge  on  the  center  of  one  face 
of  the  disc  was  used  initially  to  study  the 
nonuniform  stress  distribution.  A  45*  strain 
gauge  Rosette  provided  strain  measurements  in 
three  directions.  The  two  principle 
directions,  x  and  x  are  shown  in  Fig.  2. 
Knowledge  of  S  and  S  provides 
completeness;  fne  45*  answer  is  the  average  of 
the  other  two. 


Figure  3  shows  one  new  degree  of 
freedom,  namely,  the  depth  of  the  flats  and 
the  resulting  S  /S  ratio.  The  other  new 
degree  of  freedoS  isrthe  crystallographic 
orientation  of  the  flats.  The  choice  of 
crystallographic  orientation  depends  on  which 
characteristics  of  the  transducer  one  wishes 
to  optimise  and  the  interplay  between  the 
initial  stress  pattern  and  the  thickness 
shear  vibration. 


The  Al  mockup  was  placed  in  a  pressure 
bomb.  The  strain  gauge  resistance  was 
monitored  as  the  pressure  was  increased. 

After  characterizing  the  slope  of  strain  vs. 
pressure,  the  Al  mockup  was  removed  from  the 
pressure  bomb,  mounted  onto  the  bed  of  a 
mill,  and  the  flats  were  machined  deeper. 

The  mockup  was  then  placed  back  into  the 
pressure  bomb  and  strain  vs.  pressure  was 
again  monitored.  The  process  was  repeated  a 
second  time.  Figure  3  shows  the  strain  ratio 
S  /s  (see  Fig.  2)  vs.  the  ratio  of  shell 
tfSfckfilss  at  the  flats  and  away  from  the 
flats  (see  Fig.  2  for  t'  and  t).  Note  in 
Fig.  3  that  large  changes  in  the  Sxx  and  Szz 
ratio  can  be  obtained. 


Frequency  Shift  Effects 

The  effect  of  initial  stress  on  the 
resonant  frequency  of  a  thickness  shear  mode 
has  been  treated  here  empirically.  It  is 
possible  to  handle  the  frequency  shift  effect 
analytically  at  room  temperature  with 
available  theory  incorporating  the  third- 
order  elastic  constants.  However,  no  data 
exists  for  the  temperature  dependence  of  the 
third-order  elastic  constants,  so  a  purely 
analytical  approach  is  impractical  if  we  are 
to  include  the  temperature  dependence  of 
scale  factor  in  the  characteristics  of 
interest  of  the  transducer. 
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We  can  cake  advantage  of  past 
experimental  data  in  formulating  an  eapirical 
model.  Figure  4  shows  the  frequency  shift 
coefficient  for  the  AT-cut  due  to  a  diametric 
force  pair  as  previously  published  for 
temperatures  of  25  and  70*c.  The  fractional 
change  in  frequency,  df/f  (f  is  the 
frequency  for  zero  initial  stress)  is  given 
by 


df/fQ  -  yy7(drtf)  U) 

where  p  is  the  frequency  constant  (1660  m.llz 
for  ch«°AT-cut),  F  is  a  positive  foree  acting 
inwardly,  d  and  t  are  the  resonator 
diameter  ana  thickness,  respectively,  and  K 
is  the  coefficient  of  frequency  shift  at  11 
azimuthal  angle  p. 

Figure  5  shows  dK  /dr  for  the  AT-cut, 
which  is  the  key  to  being  able  to  optimize 
the  temperature  dependence  of  scale  factor. 


where  T  is  radial  stress  (positive  for 
tensionT’and, 


oo 


-  -<V2)!kp  ,,p* 


(3) 


where  p  is  azimuthal  angle  as  measured  from 
the  x  crystallographic  axis.  The  minus  sign 
in  Eg.  (3)  converts  from  the  positive  force 
inwards  convention  adopted  years  ago  to  the 
conventional  definition  of  stress  (tension 


positive). .For  the  AT- 

-2.7xlO"llaz/H. 
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We  now  use  superposition  to  r:»»>renent 
the  initial  stress  as  the  sum  of  a  uniform 
radial  compression  T  and  two  diametric 
force  pairs,  one  (F  “aligned  along  the  flat 
normals,  the  other  fp  )  aligned  normal  to  P  . 
Figure  6  shows  this  situation.  T  and  T„.  * 
are  the  stresses  at  the  disc  center.  Ke”Know 
that 


Figure  4:  Force  sensitivity  coefficient  K  of 
the  AT-cut  vs.  azimuthal  angle  for  2§»C 
and  70*C. 


Figure  5:  Temperature  derivative  of  the  force 
sensitivity  coefficient  K  vs.  azimuthal 
angle  p  for  the  AT-cut.  p 

9  10 

Our  empirical  model  '  assumes 
isotropic  behavior  of  the  quartz  structure 
for  obtaining  an  analytical  solution  of  the 
initial  stress  problem.  We  first  recognize 
that  by  superposition,  the  df/f  for  circular 
symmetry  is  given  by  integration  of  Fig.  4, 


Figure  G:  The  two  pairs  of  diametric  force 
pairs  used  to  simulate  the  non-circular 
symmetry  of  Txx  and  T..,,. 


Wo  let  the  stresses  T  and  T  be 
represented  by  T  anaxincren5fltal  stresses 
dTxx  and  dTxz: 


XX 


Too  +  dTxx 


(5) 


+  dT  . 
OO  zz 


(6) 


These  incremental  stresses  arise  from  the 
applied  forces  F  and  F  .  An  applied  force  F 
causes  a  stress  St  the  disc  center  of 
-6F/( x t  d  )  along  the  direction  of  force 
applicati6nrand  2F/(xt  d  )  stress  at  right 
angles.  Thus,  c  r 


( x d  t  )dT 
1  r  r'  xx 


-6Fx+2Fz 


(7) 


and 


df/fQ 


k  T  , 

OO  oo 


(2) 


<  *drtr)dTzz 


2F  -6F  . 
x  z 


(8) 
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Inverting  Eqs.  7  and  0,  we  have 

Fx  -  ’*Vr(dTx*  +  3dTxx,/16 


Fx  m  -  *drtr(dTX)(  +  (10! 

Equation#  4,  9,  and  10  give  u*  Tmi  F„, 

and  F  if  we  know  T  and  T  .  Also, “in 
t*rm»xof  tlie  stress  ratio 

R"Txx/T«  (U: 

we  find  that 

Fx  -  -2adrtrT00(R-D/(l6(R+l)l  (12 


Fx-"V  <U) 

We  can  determine  Tw  /?  from  finite 
element  Modeling  or  strKvn  gauges  on  »«tal 
rockupx.  Given  T  /T  .  we  know  T  .  Fx  and 
Tx,  so  we  can  preafct  af/£Q. 

*utn  -  ft  -2x  n  (r-D* 


<V*W>‘)/U6tR+l,,)  '  <U) 


where  Kp+90.  is  the  Kp  value  at  p+90* 
Abbreviated, 


We  can  differentiate  Eqs.  14-15  with 
respect  to  temperature  if  we  nssu»e  TOQ  and  R 
are  independent  of  temperature. 

dk/dT  ■  dk00/dk-2aN0(R-l)* 

(dKp/dT-dKp+30./dT)/( 16(R+1)1  (16) 

where  we  find  dk/dT  from  Fig.  5  by 
integration: 

d*~./dT  *  "  /(dK_/dT)dp.  <l7) 

oo  o  /  p 


and 

( l/K) (dK/dT) - ( Cdk00/dT)/k00)-( 2  a  Nq» 

( R-l ) (dKp/dT-dKp+90,/dT) /( 16k00( R+l ) )) 


Experiment  vk.  Theorv 


ouartx  devices  were  built  of  AT-cut 
orientation  with  different  flat  depths 
(different  t*/t  rat lea) (11)  The  details  of 

the  structure  are  found  elsewhere.  The 
outside  diameter  was  0.720  inches.  Fiat  to 
flat  dimensions  varied  from  0.72  to  0.595 
Inches.  Finite  element  analysis  gave  T,x/T 
values.  Then,  use  of  Eqs.  19-21  and  Fig*.  •* 
and  5  allow  calculation  of  expected  results. 
Actual  results  were  found  by  testing  of  the 
quarts  devices  over  pressure  and  temperature. 
The  frequency,  pressure,  and  temperature  data 
were  analysed  to  extract  experimental  values 
for  K  and  { l/K) (dK/dT) .  The  results  ore 
shown  in  Fig.  7  for  K  and  Pig.  fl  for 
(l/K)(dK/dT).  A  value  of  2.4  was  used  for  C. 


.62  .W 
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Figure  7:  Comparison  of  empirical  model  and 
experimental  results  for  the  pressure 
coefficient  of  frequency  (scale  factor), 
K,  vs.  flat  depth. 


For  example,  we  find  (dkQQ/dT)/k  coo® 

temperature  to  have  a  value  of  -Io00ppm/*C 
from  integration  of  Figure  5. 

There  is  an  amplification  of  the 
stresses  due  to  the  shell  structure,  so  we 
find  that  for  a  pressure  P  outside  the  shell, 

T  •  -  CP  (18) 

oo 

Where  C«2.6  from  finite  element  analysis  of 
our  structure  and  C®2.4  experimentally  to 
best  fit  our  data  with  the  empirical  model. 
Defining  K  for  pressure  scale  factor  and 
(dK/dT) /(K)  for  temperature  sensitivity  of 
scale  factor,  we  find  that 

df/fQ  =  KP  (I9) 

where 

K~C  <K00  "  2*N0(R-D* 

VV90-)/I16(R+l)1)  {20) 
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Figure  8:  Comparison  of  empirical  model  and 
experimental  results  for  the  temperature 
derivative  of  the  pressure  coefficient 
of  frequency,  (l/K) (dK/dT) ,  vs.  flat 
depth. 
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The  Agreement  is  excellent.  Our 
experimental  data  extrapolate  to  the 
empirical  model  result  of  -1000  ppa/*c  lor 
( 1/K) (dK/dT) .  The  horizontal  axis  in  Figs,  7 
mid  U  is  flat  depth  ( flat-to-flat  dimension) 
in  Figs.  G  and  7.  For  reference,  finite 
element  analysis  shows  T  /T  of  1.-47  and 
1.20  for  flat  to  flat  diSInsMns  of  0.505  and 
0.652  inches,  respectively,  inside  diameter 
was  0.450  inches,  so  t'/t  varied  from  1.0  to 
0.54.  The  T  /T  ratios  did  not  vary  ns  much 
as  one  aight*inter  from  Fig.  2  for  the  range 
of  t'/t,  hut  the  disc  thickness  was  larger 
relative  to  the  shell  wall  thickness  in  the 
quart*  devices  compared  to  the  early  Al  metal 
mockup. 

Examination  of  Figs.  4  and  5  and  Eqs.  20 
and  21  shows  that,  since  k  <0,  flats  aligned 
with  the  normal  along  p«0  crystallo¬ 
graphic  axis)  enhance  the  K  over  the  k  of  a 
circular  symmetry  because  both  K  and  S?.0Q, 
contribute  constructively.  A  similar  v 
examination  for  (l/K)(dK/dT)  allows  that  both 
dK /dT  and  (dK  ,nU,)/UT  combine  to  reduce 
dkl’/dT.  Thus"  some  improvement  in  both 
transducer  characteristics  occurs  for  deeper 
flats,  as  seen  in  Figs.  7  and  0.  This  effect 
reverses  if  the  flats  are  roved  to  pOO*, 
i.e.,  the  transducer  becomes  less  sensitive 
and  the  temperature  dependence  of  scale 
factor  gets  worse  than  for  a  circular 
geometry. 

Conclusions 

The  new  empirical  rode!  has  allowed  the 
use  of  previously  published  experimental  data 
on  the  diametric  force- frequency  effect  to 
prediet  more  complicated  force  geometries 
encountered  in  a  new  pressure  transducer 
concept.  This  new  transducer  concept  uses  n 
non-circular  shell  Integral  with  a  circular 
resonator  to  create  non-symmetric  Initial 
stress  patterns  in  the  resonator.  The 
agreement  between  the  results  of  the 
empirical  model  and  experimental  data  is 
excellent.  The  overall  results  show  that  the 
lack  of  circular  symmetry  allows  two  new 
degrees  of  freedom  for  the  transducer 
designer  to  use  in  optimising  transducer 
performance. 
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SUMMARY 

Experimental  AT-cut  pressure 
transducers,  based  upon  the  theory  presented 
elsewhere  in  this  Symposium  ("Theoretical 
Modeling  of  Quarts  Resonator  Pressure 
Transducers"),  have  been  (abr tested  and 
tested.  These  tests  have  been  used  to  verity 
that  the  use  o£  diametrically  opposed  flats 
to  erente  a  non-symmetcic  stress  in  the 
resonator  o£  an  AT-cut  crystal  can  be  used  as 
two  additional  degrees  of  freedom  (location 
wlch  respect  to  crystallographic  axes 
and  depth  of  the  flats)  to  reduce  the 
temperature  coefficient  of  scale  factor  and 
to  increase  the  scale  factor  (ppm/psi)  of  the 
pressure  transducer  1,2).  The  transducer  has 
been  made  as  small  as  reasonably  possible. 

This  reduces  cost  and  improves  the  thermal 
transient  response  of  the  transducer.  Tests 
to  16,000  psi  and  17S*C  show  deviations  of  less 
than  l  psi,  including  hysteresis,  for  steady- 
state  conditions.  Thermal  transients  of  3*C 
result  in  2-3  psi  errors  which  dissipate  in  3 
minutes.  Tests  of  units  having  increased 
flat  depth  to  20,000  psi  and  2U0*C  resulted  in 
the  twinning  of  some  of  the  resonators, 
probably  due  to  ferroblelantlc  effects. 

Units  having  a  compromise  fiat  depth  survive 
these  tests  without  twinning  and  show  no 
hysteresis.  A  tors Iona l-aode  tuning  fork 
temperature  sensor  and  an  SC-cut  reference 
crystal  are  mounted  adjacent  to  the  pressure 
transducer,  enabling  real-time  temperature 
compensation  and  the  mix-down  of  the 
temperature  and  pressure  frequency  to  a 
suitable  frequency  for  digital  transmission 
and/or  storage;  the  accuracy  of  the  system  is 
better  than  5  psi  during  any  combination  of 
pressure  or  temperature  transients  likely  to 
be  encountered  in  the  field.  Recovery  time 
to  steady-state  conditions  is  typically  less 
than  3  minutes. 

BACKGROUND 

Tiie  forcQ-frequency  effect  on  an  AT-cut 
has  been  known  for  many  year?  (3).  This 
effect  has  been  used  for  temperature 
compensating  AT-cut  crystals  over  wide 
temperature  ranges  (4),  and  for  pressure 
measurement  (5,6).  However,  these 
applications  all  used  the  crystal  to  measure 
a  force,  since  pressure  is  a  force  per  unit 
area,  it  was  necessary  to  provide  a 
conversion  means  to  allow  the  crystal  to 
measure  a  pressure  (i.o.,  a  diaphragm,  a 
lever  mechanism,  etc.).  All  of  these 
applications  were  troubled  with  frequency 
drift  caused  by  creep  in  the  materials 
attached  to  the  quartz. 
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In  1967,  Benjaminson  and  Hammond  (7)  at 
Hewlett  Packard  filed  a  U.S.  patent  on  an  all 
quartz  pressure  transducer  consisting  of  a 
quartz  resonator  surrounded  by  a  hermetically 
sealed  cylindrical  housing  which  permits  the 
resonator  to  be  squeezed  uniformly  around  its 
circumference.  Tills  allows  the  crystal 
to  respond  directly  to  the  pressure  applied 
to  its  periphery,  without  going  through  a 
pressure-to-forc«  conversion,  with  its 
inherent  error  and  hysteresis  producing 
mechanisms.  Figure  1.  The  only  joints  in  the 
HP  design  occur  away  from  the  force  sensitive 
resonator,  and  are  positioned  at  the  zero 
shear  point  along  the  length  of  the  cylinder, 
and  are  located  such  that  any  creep  in  the 
joint  will  not  cause  frequency  shifts  in  the 
resonator. 
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Figure  1.  Hewlett  Packard’s  BT-cut  pressure 
transducer,  circa  19701 8) . 

The  Hewlett  Packard  quartz  pressure 
transducer  has  been  reported  on  several  times 
at  this  symposium  (8-10).  Kaitz  has  reported 
on  hysteresis  and  resistance  problems  with 
the  HP  BT-cut  design  which  they  associate 
with  high  pressures  and  temperatures, 
especially  with  certain  types  of  quartz 
source  material.  In  addition,  the  large  size 
of  the  HP  design  makes  it  expensive  (because 
of  the  raw  material  cost).  But  more 
importantly,  the  large  size  causes  a  rather 
large  thermal  transient  ^stabilization 
phenomenon,  which  is  aggravated  by  the  remote 
location  of  their  reference  crystal. 

To  overcome  some  of  these  problems,  it 
was  proposed  to  make  the  quartz  transducer  as 
small  as  practical  (lower  thermal  mass, 
faster  thermal  stabilization,  lower  raw 
material  cost).  The  theoretical  development 
of  this  transducer  is  detailed  in  the 
previous  paper  in  this  proceeding  (11).  This 
paper  shall  concentrate  on  the  experimental 
development  of  the  transducer. 
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DESIGN 

The  first  design  attempt  of  thin  small 
pressure  transducer  used  a  0.375  inch 
resonator  diameter,  which  proved  to  be  too 
small  to  permit  the  generation  of  the  bi¬ 
convex  resonator,  and  the  thin,  high 
frequency  resonator  fractured  where  it  joined 
the  bore-wall  during  the  generation  of  the 
bore. 

The  seeond  (and  final)  design  uses  a 
0.450  Inch  diameter  resonator  which  is  0.055 
inch  thiek  (3.610  Mix,  3rd  overtone).  The 
final  frequency  was  determined  by  the  lack  of 
activity  dips  over  the  pressure  and 
temperature  test  range  for  the  final 
transducer  design  (0-20,000  psi,  0-200*c). 
This  design  is  shown  in  Figure  2.  The  sensor 
has  a  sensitivity  of  0.5xl0_/  ppm/psi  (1.8 
llx/psl). 


Figure  2.  An  At-cut  quarts  pressure 
transducer  with  X-axis  flats. 

FREQUENCY-TEMPERATURE 

The  frequency-temperature  (f-T)  response 
of  the  transducer  is  a  function  of  the 
applied  pressure  —  Figure  3.  The  apparent 
angle  of  the  AT-eut  Increases  approximately  3 
arc-minutes  per  1000  psi  of  applied  pressure. 
The  optimum  AT-angle  was  selected  to  provide 
a  small  £-T  slope  at  elevated  temperatures 
and  pressures. 


Figut  3.  Frequency  vs.  temperature  curves 
for  an  AT-cut  pressure  transducer  with  X-axis 
flats  at  various  pressures.  Apparent  angle 
shift:  3  arc-nin/1000  psi. 


The  converse  effect  is  that  the  slope  of 
the  frequency-pressure  response  is  a  function 
of  temperature.  Put  another  way,  the 
temperature  coefficient  of  the  scale  factor 
is  non-rero.  This  is  shown  in  Figure  4,  as 
evidenced  by  the  spread  of  the  frequency  vs. 
pressure  curves  at  different  temperatures. 

The  temperature  sensitivity  of  scale  factor, 
as  well  as  the  pressure  dependence  n't  the  f-T 
response,  can  be  made  to  be  zero  by  adjusting 
the  depths  of  the  flats  on  the  transducer,  as 
described  by  EerNlsse  til).  However,  the 
resulting  transducer  has  rather  thin  walls, 
resulting  in  a  reduced  full  scale  pressure 
capability. 


Figure  4.  Temperature  coefficient  of  scale 
factor  for  an  AT-cut  pressure  transducer  with 
X-axis  flats. 


TEMPERATURE  COMPENSATION 

Due  to  the  temperature  behavior  of  the 
pressure  transducer,  it  is  obvious  that  some 
form  of  temperature  compensation  is  required 
if  one  is  to  achieve  a  high  precision 
pressure  transducer  over  an  extended 
temperature  range.  The  worst  case  slope  of 
Figure  3  is  equivalent  to  about  8  psi/*C. 
Hence,  to  have  an  overall  accuracy  of  bettor 
than  +  1  psi  over  the  “specified"  0-16,000 
psi  and  0-l75*C  range,  a  temperature 
correction  of  better  than  0.1*C  is  required. 

Due  to  the  mass  and  physical  size  of 
the  pressure  sensing  crystal,  there  exists  a 
thermal  time  lag  efface  upon  the  output 
frequency.  To  help  reduce  errors  from  the 
frequency  excursion  due  to  thermal 
transients,  a  torsional-aodu  quartz  tuning 
fork  (TTF)  temperature  sensor  (12,14)  is 
mounted  in  a  pressure-proof  qunrtx  package 
designed  to  simulate  the  thermal  response  of 
the  prossuro  crystal.  (Note:  the  stress 
created  by  temperature  gradients  along  the 
pressure  crystal's  length  and  radius  cannot 
be  compensated  by  this  technique.)  The  TTF 
assembly  is  mounted  adjacent  to  the  pressure 
crystal  in  an  oil-filled  pressure  housing. 

It  has  a  nominal  frequency  of  180  kHz  and  a 
nominal  temperature  sensitivity  of  50  ppa/*c. 
In  Figure  5,  a  3000  psig  to  0  psig  rapid 
decompression  is  seen  to  create  a  0.6*C 
adiabatic  cooli  .g  effect  at  the  TTF,  which 
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cause*  a  -1.4  psi  pressure  error  in  the 
pressure  crystal.  This  sane  decompression 
causes  a  2-3*c  abrupt  change  in  the 
temperature  of  the  surrounding  oil  when 


,  ina:  in  minutes 

Figure  5.  Tha  response  of  the  AT-cut  pressure 
transducer  and  the  TTF  temperature  sensor  to 
a  sudden  3000  psi  pressure  step. 

With  this  activa  temperature 
compensation,  the  pressure  crystal's  output 
is  within  1  psi  of  its  final  value  within  45 
seconds  after  the  thermal  transient  occured. 
The  temperature  sensor  took  3.0  minutes  to 
recover  to  within  0.15*C  of  its  final 
temperature. 


During  rapid  (1.5'C/rainute)  thermal 
ramps,  the  pressure  crystal  shows  a  worst- 
case  error  of  -4  psi,  which  dissipates  rapidly 
as  the  temperature  stabilises,  Figure  G. 

This  behavior  Indicates  a  slight  difference 
in  the  thermal  conduction  paths  for  the 
temperature  compensation  vs.  the  pressure 
sensor  resonator.  (The  pressure  spikes  in 
Figure  6  were  caused  by  the  manual 
adjustments  required  to  maintain  the  dead¬ 
weight-tester's  weights  in  their  "float" 


range  as  the  dead-weight-tester 's  oil 
expanded  duo  to  the  temperature  rise. 


) 


P 
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Figure  6.  25®c  temperature  ramp  at 
10,000  psi. 


REFERENCE  CRYSTAL 

One  requirement  for  an  oil  and  gas 
service  down-holo  frequency-based  transducer 
is  that  Its  output  frequency  must  be  lower 
than  50  kite  to  transmit  the  frequency  up  a 
20,000  ft  cable.  This  was  accomplished  by 
including  a  7.200  Mite  fundamental-code  SC-cut 
reference  crystal  in  a  pressure-proof  quartz 
package  adjacent  to  the  pressure  crystal. 

Upon  dividing  the  reference  frequency  by  two, 
and  mixing  with  the  pressuro  frequency,  a  10 
kite  output  frequency  results,  with  a  nominal 
l.Q  Ite/psi  sensitivity.  At  20,000  psi,  a  4G 
kite  output  is  obtained. 

Several  researchers  have  commented  that 
the  SC-cut  is  free  from  activity  dips.  This 
is  not  universally  true,  as  seen  In  Figure  7. 
An  activity  dtp  in  a  7.2  Mite  fundamental, 
plano-convex  SC,  having  a  +0.5  ppm  frequency 
deviation  is  shown,  with  a“corresponding  2d8 
activity  decrease.  This  data  was  taken  in  a 
lag-block  in  an  air  oven.  Dry  ice  was  used 
to  obtain  temperatures  below  room 
temperature.  Also  shown  is  an  SC  with  no 
dips  (greater  than  perhaps  1x10  ).  In  these 
plots,  the  general  shape  of  the  residuals  is 
due  to  temperature  scan  rate  variations, 
since  each  crystal  in  a  run  will  exhibit 
similar  general  perturbations.  The  noise  is 
due  to  frequency  measurement  errors 
associated  with  the  IIP3585  spectrum  analyzer 
used  to  maka  the  frequency  and  amplitude 
measurements. 
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FREO  ppm  DIFF  FREOm  A t  ppm 


Figure  7.  Two  SC-cut  reference  crystal* j  n) 
with  activity  dip;  b)  no  activity  dips. 


RESULTS 

Figure  0  shows  a  temperature  scan  on  one 
of  the  TTF  tenperaturo  sensors  from  0-200*C 
showing  no  activity  dips  (12,13).  The  tall 
on  the  residual  curve  below  room  tenperaturo 
is  duo  to  tine  lag  effects  during  cool-down 
effects  in  the  lag-block,  correlation 
between  two  sensors  in  a  connon  lag-block  is 
better  than  5  ppm,  or  O.l’C. 
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Figure  0.  A  TTF  tenperaturo  sensor  having  no 
activity  dips. 

The  presaure-teoperature  performance  of 
the  three  crystal  combination  (14)  is  shown 
in  Figures  9-11.  Figure  9  Illustrates  that 
the  TTF  frequency  ia  Independent  of  pressure. 
Figure  10  shows  a  temperature  accuracy  of 
better  than  +  0.03*C  from  ambient  to  17S*C. 
Figure  ll  shows  the  calculated  pressure 
residual  versus  pressure  at  seven 
temperatures  from  20»C  to  I74*c.  The  residual 
is  less  than  +  0.0  psi  for  any  combination  of 

pressure  and  temperature.  _ _ 
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TEMFEFlTTUPE  IN  DEGREES  C 
Figure  9.  Frequency  vs.  tenperaturo  for  a 
packaged  TTF  tenperaturo  sensor  with  no 
pressure  sensitivity. 


TEMPERATURE  IN  DEGREES  < 
Figure  10.  Temperature  residuals  for  a  TTF 
temperature  sensor  having  no  pressure 
sensitivity  or  activity  dips. 
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Figure  11.  pressure  residuals  for  the  AT-cut 
pressure  transducer  with  TTF  temperature 
compensation. 


The  pressure  crystal's  raw  data  is 
curve-fit  using  a  fourth-order  fit  on 
frequency  vs.  temperature  and  a  third-order 
fit  on  pressure;  a  fourth-order  fit  is  used 
on  the  TTF's  frequency  vs.  temperature.  In 
total,  20  coefficients  are  used. 


Figure  12  demonstrates  the  resolution 
and  noise  in  the  pressure  transducer  system. 
Three  successive  0.1  pel  pressure  steps  are 
shown,  with  a  noise  floor  of  less  than  0.01 
psi. 


Figure  12.  o.l  psi  pressure  steps.  Noise 
floor  is  below  0.01  psi. 

Pressure  is  generated  with  a  DHI  dead¬ 
weight  tester  which  is  NBS  traceable  to 
+0.01%  of  reading.  Temperature  is  measured 
using  a  platinum  resistance  thermometer  and  a 
DVM. 

FfiRROB I ELASTIC  TWINNING 

During  early  experimental  testing  to 
determine  the  effects  of  flat  depth  and 
orientation  on  the  temperature  sensitivity  of 
scale  factor  Ill],  it  was  found  that  as  the 
flat  depth  inciuased,  the  temperature 
sensitivity  decreased.  The  minimum  distance 


across  the  flats  tested  was  0.590  in.  In  two 
separate  tests  of  units  with  0.590  inch  flats, 
both  units  quit  oscillating  at  20,000  psi  as 
the  temperature  was  ramped  from  175*C  to  200*C. 
The  units  were  disassembled  and  etched, 
revealing  twinning  in  the  resonator  of  each 
unit.  One  unit  twinned  along  the  X-diaaeter 
of  the  resonator.  The  second  had  a  small, 
circular  twin  region  near  the  center  of  the 
resonator,  inspection  under  a  microscope 
revealed  a  microscopic  inclusion  (possibly 
acnite  In  the  cultured  quart*)  in  the  center 
of  the  twin  region.  Units  with  shallower 
flat  depths  have  not  shown  this 
susceptibility  to  twinning.  Anderson,  et. 
al.  (15)  demonstrated  that  as  the  temperature 
of  a  quart*  sample  increased,  the  stress 
level  required  to  twin  the  sample  decreased; 
no  external  stress  is  required  at  S73*c  (the 
Curie  temperature  for  natural  quart*),  while 
a  stress  level  around  6x10  psi  is  required 
at  room  temperature.  This  phenomenon  is 
called  ferrobielastic  twinning,  and  probably 
accounts  for  the  twinning  observed  on  the  two 
deep-flat  units,  i.e.,  at  20,000  psi  the 
resonator  has  about  60,000  psi  stress  along 
its  X-axis. 

HYSTERESIS 

Early  units  were  fabricated  from  sawyer 
pure-z  optical  grade  cultured  quart*. 

Results  on  those  units  showed  a  worst-case 
hysteresis  of  +3  psi  to  20,000  psi  and  200*C. 

Subsequent  units,  using  improved 
manufacturing  techniques,  were  fabricated 
from  natural  quartz.  Any  hysteresis  present 
in  these  natural  quartz  pressure  transducers 
has  been  unmeasurable  up  to  the  design  limits 
of  20,000  psi  and  200*C.  Data  on  over  20 
natural  quartz  units  to  16,000  psi  and  175*C 
shows  consistent  performance,  for  both 
increasing  and  decreasing  pressures,  to 
better  than  +  1.2  psi.  In  addition 
resistance  eftangos  are  typically  around  +  10% 
to  200*C,  Fig.  13. 

Several  units  have  been  fabricated, 
using  current  manufacturing  techniques,  from 
Sawyer  cultured  quartz.  These  units  are 
presently  being  tested,  using  current  testing 
and  data  reduction  techniques,  to  see  if 
similarly  fabricated  cultured  units  exhibit 
different  characteristics  from  the  current 
natural  quartz  units.  Early  results  are 
inconclusive,  but  cultured  units  (pure-Z) 
definitely  show  more  hysteresis  than  similar 
natural  units. 
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Figure  13.  Relative  resistance  changes  of 
+  101  on  a  natural  quartz  AT-cut  pressure 
transducer  to  200*c  at  0  pel. 


the  earlier  results  on  cultured  material 
(no  swept-natural  material  has  been  studied) 
appear  to  not  confirm  Hewlett  Packard's 
hysteresis  results  (9,10)  two  explanations 
are  possible!  1)  The  AT-ci,c  is  less 
susceptible  to  material  induced  hysteretic 
effects  than  is  the  DT-cut;  or  2)  there 
exists  slip  or  glide  planes  in  the  BT-cut 
which  cause  larger  hysteresis  effects  than  in 
the  AT-cut. 


Further  studies  on  tho  differences 
between  these  two  high  performance 
transducers  arc  planned.  Tho  results  could 
lead  to  even  higher  performance  transducers 
in  the  future,  through  a  better  understanding 
of  the  raw  material — crystalline  quarts,  both 
natural  and  cultured. 


CONCLUSIONS 

A  0.011,  20,000  psi,  200*C  quartz 
pressure  transducer  has  been  built,  based 
upon  a  theoretical  model  utilizing  x-axis 
flats  on  an  AT-cut  cylindrical  housing  to 
provide  two  additional  degrees  of  freedom  to 
simultaneously  minimize  the  transducer’s 
temperature  coefficient  of  scale  factor  and 
maximize  tho  magnitude  of  its  scale  factor. 
The  transducer,  due  to  its  small  size  and 
active  temperature  compensation,  exhibits 
small  thermal  transient  effects  that 
dissipate  rapidly.  Hysteresis  is 
unmeasurable*.  This  transducer  system  will 
find  use  in  down-hole  oil  and  gas  service  and 
logging  operations. 
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Several  recent  developments  have  driven  our  efforts  to  extend  (he 
pioneering  work  of  Mason1 2  and  use  the  simple  quarts  resonator, 
directly  Interfaced  to  the  liquid,  as  a  tool  for  studying  the  fluid 
behavior  al  targe  cylic  shear  rates.  These  developments  Include 
the  quantitative  description  of  the  compound  resonator  formed 
between  (he  resonator  and  contacting  liquid,  the  availability  of 
Instrumentation  for  accurate  Impedance  analysis  and  the 
resurgence  of  Interest  in  the  rheological  behaviors  of  polymeric 
liquids1 .  With  this  technique  we  have  shown  that  simple  liquids 
behave  as  purely  viscous  fluids,  at  least  up  to  frequencies  of  5 
MHz.  Initial  studies  on  polypcrfluorlnatcd  fluids  suggest  an 
elastic  component  which  increases  with  increasing  molecular 
weight. 


When  a  viscoelastic  material  contacts  one  face  of  a  quartz  crystal 
operating  in  the  thickness  shear  mode,  a  compound  resonator  is 
formed  and  the  mechanical  resonant  frequency  is  altered.  This 
change  can  be  described  in  terms  of  the  material's  thickness  r, 
density  p,  shear  modulus  p  and  viscosity  >j .  In  the  limiting  case 
of  a  classical  liquid  for  which  p  ■  0,  the  shear  wave  penetrates 
only  a  short  distance  Into  (he  fluid.  In  spite  of  this  limited 
penetration,  the  quality  factor  (Q)  of  the  compound  resonator  is 
markedly  decreased  due  to  viscous  losses  In  the  liquid.  This  loss 
In  Q  is  reflected  as  a  change  in  the  electrical  equivalent  circuit 
of  the  resonator.  This  equivalent  circuit  consists  of  two  parallel 
arms:  the  "static"  arm  representing  the  dielectric  capacitance 
Cr  of  the  quartz  and  the  "motional"  arm  consisting  of  a  scries 
L,  Cs,  R  circuit  representing  (he  motional  behavior  of  the 
resonator.  The  Inductance  represents  the  energy  stored  in  inertial 
or  kinetic  form,  the  series  capacitance  represents  energy  stared  in 
elastic  form  and  of  course  the  resistance  reflect  (he  viscous 
damping.  One  can  show  that  the  quality  factor  for  the  shear 
wave  in  the  liquid  is  unity.  Coupling  this  with  the  physical 
arguments  above,  an  expression  for  the  resistance  AR  upon 
Interfacing  to  a  liquid  Is  given  by: 


.  _  1 

&.R  m  — — -  - 

«Cj/2/5  Pfl 
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where  p9  and  arc  the  density  and  effective  shear  modulus  for 
the  quartz  resonator. 

This  relationship  was  tested  for  a  number  of  fluids  by  studying 
the  resonance  behavior  using  an  impedance  analyzer  and  is  seen 
to  be  satisfied  for  simple  liquids.  For  polymeric  liquids,  the 
observed  resistances  were  found  to  be  much  less  than  that  given 
by  the  equation,  and  in  addition  the  frequency  changes  were  also 
found  to  be  less  than  predicted  by  the  mechanical  model. 
Formally,  one  could  account  for  this  by  assigning  a  relaxation 
time  t  to  the  to  the  fluid  such  that  for  time  scales  well  in  excess 
of  t  the  fluid  behaves  viscously  and  for  time  scales  much  less 
than  that  time,  the  fluid  behaves  elastically,  as  first  described  by 
Maxwell.  Fitting  t  to  the  frequency  changes  for  a  series  of 
perfluoropolyethers  showed  that  the  fitted  t  increases  with 
molecular  weight. 


1.  W.P.  Mason,  W.O.  Baker,  II. J.  MeSkimin  and  J.H.  Heiss, 
Phys.Rev.  75,  936  (1949) 

2.  Daniel  D.  Joseph,  J.  Non-Newt.  Fluid  Mcch.  19, 237  (1986) 
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ABSTRACT:  An  important  requirement  in  many 

applications  is  the  need  to  accurately  set  a 
SAW  oscillator's  frequency  to  a  predetermined 
value.  In  some  cases  the  oscillator's 
frequency  may  have  to  be  set  to  within  PPM 
of  a  specified  frequency  which  usually 
requires  considerable  time  in  external 
circuit  adjustment.  Recently,  a  novel  post- 
seal  frequency  trimming  technique  has  been 
developed  for  use  with  SAW  resonators  scaled 
in  on  all  quartz  package  (AQP) .  By  taking 
advantage  of  the  transparent  nature  of  the 
AQP,  we  have  developed  a  post-seal  frequency 
trimming  technique  which  utilizes  a  loser  to 
transfer  a  thin  dielectric  film  from  the 
inner  surface  of  the  package  down  onto  the 
active  region  of  the  SAW  device.  The 
oscillator's  frequency  can  be  monitored  in 
real  time,  and  by  focusing  the  laser  beam 
down  to  a  width  of  a  few  microns  the  trimming 
resolution  con  be  less  than  si  PPM  for 
devices  operating  at  40?  mHz.  Experimental 
results  indicate  that  trimming  down  in 
frequency  as  much  as  -35  PPM  is  cosily 
obtainable  with  minimal  changes  in  the 
resonator  phase  noise,  insertion  loss,  and 
unloaded  Q  values.  Preliminary  results  on 
aging  of  laser  trimmed  devices  also  look 
encouraging. 

INTRODUCTION:  An  important  requirement  in 

many  applications  is  the  need  to  accurately 
set  a  SAW  oscillator's  frequency  to  a 
predetermined  value.  In  some  cases  the 
oscillator's  frequency  may  have  to  be  set  to 
within  : 1  part  per  million  (PPM)  of  a 
specified  frequency.  If  this  specified 
frequency  falls  within  the  1  dB  bandwidth  of 
the  SAW  resonator,  the  frequency  adjustment 


can  usually  be  accomplished  by  using  a  simple 
adjustable  phase  shift  circuit  to  compensate 
for  the  SAW  frequency  error  as  well  as  phase 
shift  variations  in  the  other  oscillator 
components.  A  number  of  frequency  trimming 
techniques  have  been  developed  to  accurately 
set  the  SAW  resonator  frequency  prior  to 
sealing.  The  technique  which  has  received 
the  most  attention  is  called  reactive  ion 
etching1'2  (RIE),  R1E  can  be  used  to  adjust 
the  resonator  frequency  with  on  accuracy  of 
O  PPM  prior  to  scaling  the  device  with  no 
degradation  in  device  performance. 
Unfortunately,  all  hermetic  sealing 
techniques  for  SAW  resonators  which  are 
compatible  with  long-term  frequency  stability 
induce  frequency  shifts  which  are  variable  in 
nature.  This  variability  in  the  frequency 
shift  produced  by  scaling  a  device  may  cause 
the  oscillator's  frequency  to  lie  outside  the 
l  dB  bandwidth  of  the  resonator.  Also,  some 
applications,  such  as  voltage  tunable 
oscillators,  may  require  that  the  resonant 
frequency  of  the  SAW  device  be  set  within  a 
feu  PPM  of  a  specified  center  frequency  in 
order  to  maximize  the  available  tuning  range. 
Recently,  an  all  quartz  package^  (AQP)  was 
developed  which  provides  a  hermetic  seal  and 
is  compatible  with  long-term  frequency 
stability.  The  AQP  is  particularly 
attractive  for  hybrid  circuit  oscillators 
because  of  its  small  size.  Another  advantage 
of  this  hermetic  packaging  technique  is  that 
it  has  reduced  both  the  magnitude  and  spread 
in  seal ing- induced  frequency  shifts.  Data 
from  53  AQP  SAW  resonator  devices  operating 
at  350  MHz  indicate  that  the  sealing-induced 
frequency  shift  has  an  average  of  +54  PPM 
with  a  standard  deviation  of  only  ‘15  PPM. 
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While  the  AQP  is  superior  to  the  TO-8  package 
in  terms  of  frequency  settabllity,  there  are 
still  many  applications  vhich  require  a 
sealed  resonator's  frequency  to  be  more 
accurately  set.  Up  to  the  present  time, 
frequency  adjustment  of  a  sealed  resona 
could  only  be  accomplished  by  the  time 
consuming  and  expensive  process  of  pulling 
the  resonant  frequency  with  external  circuit 
components.  * 

By  taking  advantage  of  the  transparent 
nature  of  the  AQP  we  have  developed  a  pos.- 
seal  frequency  trimming  technique  which 
utilises  pulsed  loser  energy  to  transfer  a 
thin  film  from  the  inner  surface  of  the 
quarts  cover  down  onto  the  active  region  of 
the  SAW  device.  Results  indicate  that 
trimming  down  in  frequency  as  much  as  *35  PPM 
is  easily  obtainable  with  minimal  change  in 
oscillator  flicker  noise  and  turnover 
temperature,  as  well  as  device  insertion  loss 
and  unloaded  Q  value.  Initial  results  on  the 
long-term  frequency  stability  of  laser 
trimmed  devices  are  encouraging. 

MATERIALS  AND  METHODS:  Two-port  SAW 
resonator  devices  operating  between  402  MHz 
and  950  MHz  were  fabricated  In  the  center  of 
rotated  y-cut  quartz  substrates  using 
standard  photolithographic  techniques.  Small 
trim  pads  consisting  of  a  thin  aluminum  film 
sandwiched  between  two  layers  of  aluminum 
oxide  were  e-bcora  evaporated  onto  the  center 
of  the  matching  quartz  covers  of  each  AQP  os 
shown  in  Figure  1.  The  location  of  this  pad 
was  such  that  it  shadowed  the  region  between 
the  interdigital  transducers  (IDT's)  when  the 
devices  were  hermetlcnly  sealed  under  high 
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FIGURE  1.  Schematic  view  of  the  laser  trim 
pad  located  on  the  inner  surface  of  the  AQP 
cover. 


vacuum  (2  x  10"7  Torr)  with  a  gloss  frit  as 
shown  in  Figure  2.  Sealed  SAW  devices  were 
characterized  for  resonant  frequency, 
insertion  loss,  and  loaded  and  unloaded  Q. 
Also,  open-  and  closed-loop  flicker  noise 
levels  ns  well  as  turnover  temperatures  were 
obtained  for  some  of  the  devices  prior  to 
laser  trimming.  The  devices  then 
mounted  on  small  test  fixtures  and  placed 
into  one  of  four  optical  setups  Incorporating 
either  an  excimer  or  S'dzYAG  loser  and 
appropriate  optics.  The  optical  setups  were 
used  to  focus  the  incident  laser  radiation 
down  through  the  polished  quartz  cover  and 
onto  the  trim  pad.  The  thin  Al  layer 
sandwiched  between  the  two  oxide  layers 
readily  absorbs  the  loser  radiation, 
converting  it  to  heat  which  is  then  conducted 
to  the  AI2O3  films.  Depending  on  the  laser 
type  and  incident  power  density,  the  oxide 
film  can  be  either  evaporated  or  ablated  off 
the  quartz  cover  and  down  onto  the 
acoustically  active  region  of  the  SAW  device. 
The  redeposited  film  then  changes  the  local 
acoustic  wave  velocity  and  thereby  alters  the 
device's  resonant  frequency. 
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FIGURE  2.  a)  Side  view  of  an  AQP  depicting 
the  location  of  the  laser  trim  pad.  b)  Top 
view  of  the  AQP  showing  a  line  drawn  by  a 
laser  across  the  trim  pad  running  the  length 
of  the  acoustic  aperture. 
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As  noted,  tvo  laser  types  and  {our 
different  optics  systems  were  utilised  for 
post-seal  frequency  trimming  of  the  AQP  SAW 
devices.  Tvo  exeiner  laser  setups,  operating 
at  193  nm  (ArF) ,  vere  used  to  trla  devices. 
The  first  vas  an  experimental  system  designed 
for  pattern  projection  in  microllthographic 
applications  in  a  step-and-repeat 
configuration,  tt  consisted  of  a  lOx 
objective  and  a  computer  controlled  X-Y 
translation  stage  vlth  0.25  um  accuracy.  It 
provided  about  7  J/cm2  per  pulse  at  the 
device  vlth  a  15  nsec  pulse  duration. 
Typically  this  system  operated  at  1  pulse  per 
second  (PPS)  and  a  line  7  um  vide  by  450  urn 
long  vas  projected  onto  the  trim  pad.  A 
complete  line  could  be  dravn  across  the 
acoustic  aperture  (1  mm  vide  at  402  MHz)  by 
simply  moving  the  X-Y  stage  In  betveen  laser 
pulses.  The  second  exelmer  system  consisted 
of  a  commercially  available  laser/microscope 
setup.  This  system  could  deliver  up  to  10 
J/cm2  per  pulse  at  the  device  trim  pad.  It 
vas  also  run  at  1  PPS  except  vhere  noted 
belov.  Lines  vlth  dimensions  of  1  um  by  135 
um  vere  easily  projected  vlth  this  system. 
Again,  a  line  could  be  dravn  across  the 
acoustic  aperture  by  manually  moving  the 
microscope  stage. 

The  Nd: YAG  loser  systems  (commercially 
available  laser  trim  systems)  operated  with 
quite  different  parameters.  They  provided  on 
output  at  1064  nm  at  a  repetition  rote  of 
1000  PPS  with  either  a  70  ns  or  200  ns  pulse 
duration.  Pluences  up  to  20  J/cm2  per  pulse 
could  be  produced  with  circular  spot  sixes 
ranging  from  12  um  to  80  um.  The  devices 
vp«-«  scrolled  in  front  of  the  loser  beam  at  a 
rate  of  5  mm/sec.  Thus,  a  line  running  the 
length  of  the  IDT's  could  be  dravn  os 
depicted  in  Figure  2(b),  With  either  loser 
system  a  number  of  lines  could  be  dravn 
across  the  acoustic  aperture  to  obtain  the 
desired  frequency  shift. 

During  the  laser  trimming  process  the 
device  vas  connected  to  on  oscillator  circuit 
whose  frequency  vas  monitored  vith  a 
frequency  counter.  Data  vas  then  recorded 
for  each  oxide  line  deposited  on  the  SAW 
devices  for  all  of  the  laser  systems  used. 

After  post-seal  laser  trimming  vas 
completed,  the  SAW  devices  vere  characterized 


on  a  nctvork  analyser  for  center  frequency, 
minimum  insertion  loss,  as  veil  as  loaded  and 
unloaded  Q  values.  Also,  open-  and  closed- 
loop  noise  measurements  as  veil  as  turnover 
temperature  measurements  vere  obtained  on 
several  of  the  devices  after  laser  trimming. 
Three  of  the  devices  operating  at  402  MHz 
vere  then  placed  into  aging  chambers  to  study 
the  effect  of  loser  trimming  on  the  long-term 
frequency  stability  of  the  Saw  oscillator. 

For  the  purpose  of  comparison,  tvo  other 
sets  of  SAW  resonators  vere  fabricated  vlth 
operating  frequencies  at  402  MHz.  Tvo 
devices  vere  fabricated  to  serve  as  aging 
controls,  and  two  devices  vere  fabricated 
with  thin  pods  of  AljOj  deposited  by  electron 
beam  evaporation  onto  a  fraction  of  the  area 
between  the  tvo  IDT's  of  the  saw  device 
before  the  device  vas  sealed.  These  pads  ran 
the  length  of  and  were  parallel  to  the 
transducer  fingers.  The  shifts  in  frequency 
due  to  the  deposition  of  the  oxide  pods  were 
obtained  as  well  os  their  effect  on  the  long¬ 
term  frequency  stability  of  the  SAW  devices. 

in  order  to  study  the  loser  deposited  film 
morphologies  several  AQP's  were  fabricated 
without  a  SAW  device  but  with  a  large  area 
trim  pad.  These  AQP's  were  cleaved  open 
after  laser  irradiation  to  inspect  the 
quality  of  the  deposited  films  produced  by 
altering  loser  parameters. 

RESULTS:  Results  of  post-seal  frequency 

shifts  expressed  in  PPM  for  devices  trimmed 
vith  either  a  Nd:YAG  or  excimer  laser  are 
shown  in  Table  1.  Also  shown  in  the  table 
ore  the  laser  fluence,  percent  area  of  the 
space  between  the  IDT's  covered  by  the  loser- 
deposited  oxide  material,  change  in  insertion 
loss,  per  cent  change  in  the  unloaded  Q 
value,  and  change  in  the  closed- loop  phase 
noise  at  10  Hz  off  the  carrier.  The  average 
402  MHz  device  had  a  closed-loop  flicker 
noise  level  of  about  -76  dBc/Hz  at  10  Hz  off 
the  carrier,  an  insertion  loss  of  about  7  dB, 
and  an  unloaded  Q  value  of  23,000. 

The  effects  of  e-beam  evaporating  AI2O3 
pads  betveen  the  IDT's  on  the  unsealed  SAW 
resonators  are  shown  in  Table  2.  The  width 
of  the  deposited  film  is  expressed  as  a 
percentage  of  the  length  between  the  two 
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TAOLE  1 


POST-SEAL  AQP  LASEH  TRIMMING  RESULTS 


Device  ID 
Frequency 

Laser 

Typc 

Fluencc 

(J/cm2) 

% 

Area 

AF/F 

(PPM) 

AIL 

(do) 

AQU 

AttflOHs) 

(dDc/Hz) 

Q2281A 

402  MHz 

1 

7.0 

2.2 

-35 

0.20 

-1 

-0.2 

Q2281B 

402  MHz 

1 

7.0 

1.8 

O 

n 

1 

0.25 

-2 

0.5 

E2054 

945  MHz 

2 

8.0 

0.9 

♦  40 

0.00 

-7 

N.A. 

L-4 

402  MHz 

3 

2.4 

19.2 

-  5 

0.78 

-16 

1.2 

A3-2 

402  MHz 

3 

4.9 

48.0 

-30 

0.36 

-8 

1.5 

A4-2 

402  MHz 

3 

5.8 

34.6 

-42 

1.31 

-18 

0.1 

L-3 

402  MHz 

3 

12.7 

7.7 

-36 

0.52 

-4 

N.A. 

1-6 

4 

2.3 

4.1 

-67 

0.73 

♦  5 

-0.2 

810  MHz 

N.A. ■  not  available 

1  ■  Laboratory  excimer  projection  stepper 

2  ■  Commercial  excimer  system 

3  ■  Nd: YAG  200  ns  pulse  length 

4  ■  Nd: YAG  70  ns  pulse  length 

IDT' s  and  the  obtained  frequency  shift  is 
expressed  in  PPM.  Room  temperature  aging 
data  for  three  laser-trimmed,  two  e-beam 
evaporated,  and  tvo  control  devices  all 
operating  at  402  MHz  are  plotted  os 
normalized  frequency  shift  versus  time  in 
Figure  3.  Typical  laser-deposited  film 
morphologies  for  both  laser  types  are  shown 
in  Figure  4. 

DISCUSSION:  It  is  of  interest  to  note  that 

when  AI2O3  is  electron  beam  evaporated  onto 
an  unsealed  SAW  resonator,  the  frequency  will 
increase5  as  noted  in  Table  2.  This 
indicates  that  the  acoustic  velocity  of  the 


TABLE  2 

PRE-SEAL  AI2O3  PAD  RESULTS 


DEVICE 

ID 

PAD 

WIDTH 

(%) 

PAD 

THICKNESS 

(X) 

AF/F 

(PPM) 

AIL 

(dB) 

Q2284 

44 

115 

+351 

-0.85 

Q2287 

16 

270 

+  164 

-0.45 
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FIGURE  3.  Room  temperature  aging  data  (or 
several  AQP  resonator  oscillators  operating 
at  402  MHz. 

e-beam  evaporated  AI2O3  pad  is  greater  than 
that  of  quartz.  Yet  in  all  cases  but  one 
(discussed  below)  the  post-seal  laser- 
deposited  oxide  reduced  the  oscillator's 
frequency.  Inspection  of  the  films  produced 
by  laser  deposition  (Figure  4)  indicated  a 
variety  of  film  morphologies  depending  on 
laser  type  and  incident  power  density  (or 
fluence).  These  differences  in  film 
morphologies  have  a  large  effect  on  the 
magnitude  of  the  frequency  shift  produced  per 
unit  area  by  the  laser-deposited  material. 

The  Nd: YAG  laser  operating  at  low  fluence 
levels  was  capable  of  producing  oxide 
deposits  which  hod  the  appearance  of  an 
electron  beam  evaporated  film  with  no 
evidence  of  metallic  A1  at  a  magnification  of 
1000  X.  The  width  variations  of  the 
deposited  line  shown  in  Figure  4(a)  are  due 
to  fluctuations  in  output  power  of  the  laser 
when  operating  at  low  power  levels.  Also, 
inspection  of  the  remaining  trim  pad  on  the 
matching  quartz  cover  after  laser  irradiation 
indicated  that  only  the  outermost  oxide  layer 
and  portions  of  the  A1  layer  were  removed 
with  the  Nd:YAG  laser  operating  at  low 
fluences.  It  was  hoped  that  films  of  this 
type  would  produce  both  an  upward  frequency 
shift  as  well  as  aging  characteristics 
similar  to  those  obtained  with  the  e-beam 
evaporated  specimens  noted  in  Figure  3.  The 


Excimer 

1000X 


FIGURE  4.  Typical  film  morphologies  produced 
by  both  the  Nd:YAG  and  excimer  lasers. 


fact  that  the  frequency  of  devices  trimmed  at 
low  fluence  levels  with  the  Nd:YAG  laser 
decreased  indicates  that  the  quality  of  the 
laser-deposited  film  (stoichiometry,  density, 
adherence,  and/or  acoustic  velocity)  is  not 
identical  to  that  of  e-beam  evaporated 
material.  Also,  as  noted  in  Table  1,  a 
larger  area  between  the  IDT's  needed  to  be 
covered  with  the  laser-deposited  films 
produced  by  low  fluences  in  order  to  obtain  a 
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given  frequency  shift.  Competition  between 
mass  loading  (reducing  the  frequency)  and  a 
film  with  qualities  closer  to  those  produced 
by  e-beam  evaporation  (with  an  acoustic 
velocity  slightly  higher  than  that  of  quartz, 
thus  increasing  the  frequency)  may  account 
for  the  increase  in  area  required  to  obtain  a 
given  frequency  shift,  as  well  as  the  large 
changes  in  insertion  loss  associated  with 
devices  trimmed  at  low  flucnce  levels  with 
the  Nd:YAG  laser.  Since  only  the  outer  M2O3 
layer  and  thin  A1  layer  are  removed  at  low 
fluences,  less  material  is  deposited  on  the 
active  region  of  the  device  per  unit  line 
width,  which  also  reduces  the  magnitude  of 
the  mass  loading  effect.  However,  consider 
the  data  from  devices  Q2281D  and  A3-2  which 
were  both  trimmed  down  -30  PPM.  The  exciraer- 
trimmed  device  required  that  only  1.8*  of  the 
area  between  the  IDT's  be  covered  by  the 
laser-deposited  oxide  material  to  produce  the 
noted  frequency  shift.  This  is  in  contrast 
to  48*  coverage  of  the  inter-IDT  space 
required  for  device  A3-2  in  order  to  produce 
the  same  frequency  shift  when  trimmed  with 
Nd:YAG  operating  at  low  fluence  levels. 
Assuming  that  only  the  outer  most  layer  of 
oxide  ( 250 X )  is  deposited  with  the  low 
fluence  Nd : YAG  and  all  three  layers  (750X) 
are  deposited  with  the  excimer,  then  one 
would  expect  the  ratio  of  the  frequency  shift 
produced  per  unit  area  due  to  mass  loading 
alone  to  be  only  a  factor  of  three.  The 
actual  ratio  of  frequency  shift  per  unit  area 
covered  by  the  laser-deposited  films  for 
these  two  devices  is  about  a  factor  of  25. 
This  provides  some  evidence  that  films 
produced  by  the  Nd: YAG  at  low  fluence  levels 
probably  have  properties  closer  to  the 
quality  of  e-boam  evaporated  films. 

At  high  fluence  levels  both  the  excimer 
and  Nd : YAG  lasers  produced  films  which  had  a 
rough  surface  morphology  indicative  of 
ablation  of  all  three  trim  pad  layers  as 
noted  in  Figure  4(b)  and  4(c).  Inspection  of 
the  trim  pad  film  on  the  matching  quartz 
cover  from  these  two  deposits  indicates  that 
all  three  layers  of  the  trim  pad  were 
removed.  Close  inspection  of  the  laser- 
deposited  material  indicated  that  submicron 
islands  of  metallic  Al  were  present  in  these 
films.  With  film  morphologies  of  this  type 


it  is  not  surprising  that  the  frequency  of 
the  SAW  oscillator  decreases  since  the 
surface  roughness  of  the  laser-deposited 
films  had  features  which  are  smaller  than  the 
acoustic  wavelength  of  the  SAW  device.  Thus, 
the  deposits  act  mostly  as  an  effective  mass 
load  on  the  propagating  surface  wave.  Uy 
reducing  the  flucnce  of  the  excimer  laser  we 
could  not  produce  film  deposits  similar  to 
those  formed  with  the  low  fluence  Nd : YAG  as 
seen  in  Figure  4(a),  and  below  fluences  of 
about  6  J/cm2  the  excimer  laser  was  not  able 
to  remove  material  from  the  trim  pad.  This 
may  be  related  to  both  differences  in  laser 
pulse  lengths  as  well  as  the  fact  that  the 
absorption  coefficient  of  Al  is  over  three 
times  smaller  at  193  nm  than  at  1064  nm.® 
Again,  the  difference  in  film  morphologies 
produced  by  the  two  lasers  operating  at  high 
fluence  levels  produced  differences  in  the 
magnitude  of  frequency  shift  obtained  per 
unit  line  width.  Device  L-3  trimmed  with 
NdrYAG  at  high  fluence  required  7.7*  coverage 
of  the  inter-IDT  spoce  to  produce  a  shift  of 
-36  PPM,  which  compares  with  that  of  device 
Q2281A  trimmed  -35  PPM  with  a  coverage  of 
only  2.21.  An  important  difference  between 
the  two  types  of  laser  and  optics  systems 
used  is  that  of  minimum  line  width.  The 
excimer-trimmed  device  had  lines  drawn  with  a 
width  of  7  um,  while  the  device  trimmed  with 
the  Nd: YAG  had  line  widths  of  about  80  um. 
These  dimensions  compare  with  the  acoustic 
wavelength  of  7.86  um  at  402  MHz.  Thus,  the 
frequency  shift  produced  per  unit  line  width 
may  vary  with  the  rotio  of  the  acoustic 
wavelength  to  that  of  the  width  of  the  laser- 
deposited  line  in  a  nonlinear  way.  Another 
obvious  difference  between  the  laser  types  is 
thot  of  peak  power  density.  The  pulse  length 
for  the  excimer  is  about  15  ns,  yielding  peak 
power  densities  of  about  500  MW/cm2.  The 
pulse  length  for  the  Nd: YAG  laser  used  to 
trim  both  A3-2  and  L-3  was  200  ns,  yielding 
peak  power  densities  of  25  MW/cm2  and  64 
MW/cm2,  respectively.  These  differences  in 
peak  power  density  may  produce  differences  in 
film  qualities  such  as  stoichiometry,  etc. 
Also,  tests  indicated  that  with  both  laser 
types  each  individual  pulse  removed  the 
exposed  trim  pad,  and  that  at  very  low 
fluences  (<6  J/cm2  for  the  excimer  and  <1 
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J/cm2  for  the  Sd:YAG)  multiple  pulses  at  high 
repetition  rates  (200  PPS  for  the  excimer  and 
8000  PPS  for  the  Kd:YAG)  could  not  remove  the 
trim  pad  material. 

As  noted  in  Table  1,  frequency  shifts  of 
-35  PPM  ace  readily  obtainable  with  both 
laser  types  for  devices  operating  at  402  MHz. 
This  trimming  range  is  more  than  sufficient 
to  compensate  for  the  spread  due  to  sealing- 
induced  frequency  shifts  for  a  SAW  AQP 
operating  at  402  Hits.  The  oscillator 
frequency  may  also  be  trimmed  upward, os  noted 
in  Table  1  for  device  E2054  operating  at  945 
MHz.  This  upward  shift  was  produced  by  using 
the  commercial  excimer  laser/microscope 
system  to  first  irradiate  the  three  level 
structure  and  deposit  two  3  um  wide  oxide 
lines  as  described  above.  This  produced  a 
downward  frequency  shift  of  about  10  PPM. 
Then,  by  refocusing  the  laser  beam  onto  the 
freshly  deposited  oxide,  the  material  was 
annealed  by  1000  pulses  at  8  J/cm2  at  a 
repetition  rate  of  100  PPS.  Similar 
annealing  effects  could  not  be  produced  with 
the  Nd : YAG  laser.  While  this  effect  is  not 
well  understood  at  this  time  it  may  be  due  to 
photochemical  effects  initiated  by  UV  photons 
with  energies  high  enough  to  alter  the 
molecular  bond  structure  of  these  oxygen- 
deficient  laser-deposited  films.  The  excimer 
laser  operating  at  193  nm  produces  photons 
with  an  energy  of  6.4  eV/photon,  in  contrast 
to  only  1.2  eV/photon  for  the  1064  nm  line  of 
the  Nd:YAG  laser.  There  is  strong  evidence 
that  one  con  produce  solid  state  photo¬ 
chemical  reactions  within  an  Al/O  cermet 
film7  os  well  as  remove  AI2O3  molecules  from 
the  bulk  by  photochemical ly  induced 
desorption®  from  excimer  loser  radiation. 
Also,  this  upward  shift  in  frequency  connot 
be  explained  by  a  heating  effect  of  the 
quartz  substrate  due  to  absorption  of  the 
laser  energy.  Using  standard  values  for  the 
heat  capacity  of  quartz  and  the  size  of  the 
AQP  substrate,  we  calculated  the  temperature 
rise  per  pulse  from  the  excimer  to  be  0.16 
m0C  at  a  fluence  of  8  J/cm2.  Even  assuming 
1001  absorption  (the  absorption  coefficient 
for  both  AI2O3  and  quartz  are  less  than  15%) 
and  no  cooling  between  pulses,  the 
temperature  rise  from  1000  pulses  would  not 
be  more  than  0.1 6°C.  Thus,  the  observed 


frequency  shift  due  to  laser-induced  heating 
would  not  be  greater  than  1  PPM  for  the 
rotated  Y  cuts  of  quartz  used  which  had 
temperature  coefficients  of  less  than  3 
PPM/*C  at  the  trimming  temperature.  However, 
transient  variations  in  the  oscillator 
frequency  due  to  localized  thermal  gradients 
produced  in  the  quartz  substrate  by  both 
laser  types  are  seen  during  laser  operation, 
but  their  time  constants  are  observed  to  be 
on  the  order  of  a  few  seconds. 

Frequency  trimming  with  cither  laser 
produced  no  significant  changes  in  oscillator 
phase  noise  as  noted  in  Table  1,  the  measured 
changes  all  being  less  than  the  resolution  of 
our  measuring  equipment.  The  open-loop  phase 
noise  levels  of  most  of  the  devices  Indicated 
that  the  SAW  device  was  the  dominant  source 
of  noise  in  the  oscillator  loop,  increases 
in  device  insertion  loss  of  less  than  15 
mdB/PPM  at  402  MHz  were  obtained  with  both 
laser  systems  operating  at  high  power  levels, 
which  is  acceptable  for  most  SAW  oscillator 
applications.  Ho  significant  changes  in 
turnover  temperature  were  obtained  for 
devices  undergoing  the  loser  trimming 
process. 

The  aging  data  for  several  SAW  devices 
operating  at  402  MH2  are  shown  in  Figure  3. 
The  control  resonator  oscillators  have  not 
deviated  from  their  initial  values  by  more 
than  0.1  PPM  for  the  duration  of  the  test, 
which  Is  consistent  with  aging  of  SAW  devices 
undergoing  a  high  temperature  bake-out  during 
the  sealing  cycle®.  The  data  from  the 
devices  with  pre-seal  e-beam  evaporated  AI2O3 
pads  (which  produced  upward  frequency  shifts) 
ore  both  drifting  down  in  frequency  with 
time.  It  is  interesting  to  note  that  the 
oging  rates  of  these  two  devices  indicate 
that  0  thin  oxide  pad  covering  0  larger  area 
(which  also  produced  a  higher  frequency 
shift)  has  0  lower  aging  rate  than  a  thicker 
pad  with  a  narrower  profile.  Device  Q2287 
appears  to  be  aging  at  a  rate  of  0.25 
PPM/year,  which  is  acceptable  for  most  device 
applications.  The  data  from  the  pre-seal  e- 
beam  evaporated  AI2O3  devices  contrasts  that 
of  the  post-seal  laser- trimmed  devices,  which 
are  all  drifting  up  in  frequency  with  time. 
Device  A4-2  trimmed  with  the  Nd:YAG  laser  at 
low  fluence  has  drifted  up  over  +8  PPM  in  20 
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weeks  And  would  be  unacceptable  for  any 
applications  requiring  an  accurately  set 
frequency.  The  cause  of  the  poor  aging 
characteristics  of  this  device  is  not 
understood  at  this  time.  Again,  it  nay  be 
due  to  the  differences  in  the  oxide  film 
qualities  mentioned  above  or  the  fact  that 
the  thin  Al  film  (used  to  absorb  the  laser 
radiation)  is  dilut'd  in  a  smaller  volume  of 
oxide,  thereby  leaving  a  more  oxygen 
deficient  and  chemically  active  laser- 
deposited  film.  Also,  the  chemical  bonding 
of  these  laser-deposited  films  may  be  altered 
by  stress  levels  of  the  order  of  lxiO’7  N/a" 
induced  by  the  surface  wave,  which  might 
increase  both  the  elastic  constants  and 
aeoustie  velocity  of  the  film.  Devices  L-3 
(high  power  Nd:YAG)  and  Q228U  (excimer)  ore 
aging  more  gracefully  than  the  low  power 
Nd;YAG  trimmed  device.  Device  Q2281A  has 
aged  just  over  *2  PPM  in  3C  weeks,  and  if  one 
neglects  a  short  burn  in  period  of  about  10 
weeks,  this  device  is  aging  less  than  *2  PPM 
per  year.  Device  L-3  appears  to  be  aging  at 
a  similar  rate  as  the  excimer- trimmed  device. 
While  these  aging  rates  are  certainly  higher 
than  that  of  both  the  control  and  e-beam 
evaporated  devices,  they  ore  encouraging 
considering  that  both  devices  were  trimmed 
more  than  the  maximum  required  to  compensate 
for  the  spread  in  sealing- induced  frequency 
shifts  for  SAW  AQP's  operating  at  402  Mila. 
Since  it  has  been  demonstrated  that  excimer 
radiation  at  193  nm  can  increase  the  device 
frequency  by  annealing  the  laser-deposited 
film,  it  may  also  be  capable  of  annealing  out 
part  of  this  upward  frequency  drift 
associated  with  the  loser  trimming  process, 
thus  yielding  Improvements  in  long-term 
frequency  stability.  Also,  if  the  aging 
rates  of  devices  trimmed  up  in  frequency  ore 
acceptable  (<0.5  PPM/year),  then  the  maximum 
amount  of  laser  trimming  required  would  be  * 
cut  in  half,  as  the  specified  oscillator 
frequency  could  then  bo  the  target  frequency 
for  the  sealed  SAW  resonator.  Thus,  less 
material  would  need  to  be  deposited  to  trim 
the  device  to  frequency,  with  on  associated 
improvement  in  the  aging  rate  of  laser 
trimmed  devices. 


CONCLUSIONS;  a  novel  technique  for 
accurately  adjusting  the  frequency  of  sealed 
AQP  SAW  resonator  devices  has  been 
demonstrated.  This  new  technique  may  be  used 
to  readily  compensate  for  the  spread  of 
sealing- induced  frequency  shifts  obtained  for 
the  AGP  with  minimal  effect  in  other  device 
characteristics,  with  modest  improvements  in 
the  long-term  stability  of  laser-trimmed 
devices  this  technique  should  be  useful  for 
producing  large  numbers  of  accurately  set  SAW 
stabilized  oscillators  at  lower  eost  than  is 
now  possible. 
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Abstract 

A  theoretical  model  for  the  prediction*  of  fiaramctric  failure  rates 
of  qusrt*  crystal  devices  is  obtained.  The  model  1*  based  on  a 
commonly  used  aging  law  for  quart*  acoustic  wave  devices.  To 
use  the  model,  it  is  only  necessary  to  statistically  characterise  the 
parameter  distribution  for  the  devices  at  two  different  limes  and 
define  a  parametric  failure  limit  An  example  is  given  in  which  a 
representative  sample  lot  of  $0  surface  acoustic  wave  filters  is 
used  to  characterise  the  frequency  and  phase  of  the  population  at 
two  different  times  under  accelerated  stress  conditions.  Using 
these  results  for  the  representative  lot,  the  model  predicts  the 
cumulative  percentage  of  the  population  which  would  fail  as  a 
function  of  time  in  the  field  and  the  instantaneous  failure  rate  in 
lime  at  use  conditions.  These  predictions  are  based  on  defined 
limits  for  parametric  stability.  Such  requirements  are  generally 
defined  by  the  customer's  needs.  General  results  of  the  model 
show  that  when  a  characteristic  parameter  of  the  population 
being  investigated  is  distributed  in  Gaussian  form,  and  ages 
according  to  the  assumed  crystal  aging  law,  then  the  failure  rate 
has  a  lognormal  form  in  lime  The  concepts  of  the  model  are 
straightforward,  and  the  methodology  may  be  applied  whenever  a 
device  aging  law  is  known. 

Introduction 

The  prediction  of  failure  rates  for  passive  and  active  electronic 
components  is  a  major  undertaking  in  reliability  studies. 
Accelerated  life  tests  are  generally  used  to  help  make  predictions. 
The  assumption  is  that  a  failure  mechanism  that  may  occur 
under  normal  operating  conditions  can  be  made  to  occur  faster 
under  abnormal  stress  conditions  such  as  high  temperature 
Often,  because  of  experimental  limitations,  small  sample  sues  are 
used  and  assumed  to  be  representative  of  the  products'  statistical 
universe  This  means  that  it  can  he  difficult  to  design  an  efficient 
experiment  that  will  yield  enough  failures  in  a  given  lime  frame 
so  that  reliability  predictions  can  be  confidently  made  If  the 
failures  are  catastrophic  (sudden  failures),  then  a  pass/fail 
analysis  is  used  along  with  the  appropriate  reliability  model 
However,  when  the  device  performance  degrades  gradually  in  time 
and  eventually  drifts  out  of  specification  past  a  parametric  limit, 
causing  a  parametric  failure,  thea  using  a  pass/fail  methodology 
at  the  parametric  limit  may  be  very  Inefficient.  This  is  especially 
true  if  the  stress  acceleration  factor  is  small  enough  so  that  only  a 
small  friction  of  the  sample  population  has  reached  the 
parametric  limit  in  a  reasonable  experimental  time  frame. 
However,  if  the  kinetics  of  the  parametric  degradation  can  be 
modeled  by  an  appropriate  aging  law,  then  a  parametric  failure 
rate  model  can  he  obtained  and  used  instead  of  the  pass/fail  data 
analysis.  This  treatment  leads  to  a  more  efficient  experimental 
design  both  in  sample  site  and  time  requirements.  If  the  model  is 
accurate,  the  experimental  lime  requirements  can  be  greatly 
reduced,  and  the  parametric  limits  need  not  actually  be  reached 
during  aging  in  order  to  predict  the  failure  rate. 

In  this  memorandum  a  parametric  failure  rate  model  is  developed 
for  quartz  crystal  devices  and  is  used  to  predict  the 
time-dependent  reliability  quantities  for  a  295.0-MHr  surface 
acoustic  wave  filter  (SAWF).  The  concepts  used  in  obtaining  the 
model  may  be  applied  to  other  types  cf  devices  which  exhibit 
parametric  degradation  according  to  a  known  aging  law. 


XfesjdtisiLas 

The  aging  law  equation*  for  quaru  bulk  acoustic  wave 
resonators54  and  quaru  FAWFs*44  appear*  well  established  ami 
has  the  form 

^-.Ccxpf— E,/k8T)log(I  +  »)  (I) 

where  Al'/I*  w  the  fractional  change  m  a  given  parameter  I*  of 
the  devices,  t  is  the  aging  lime,  C  and  a  are  constants  (which  may 
dilfer  from  device  to  device),  and  the  expression  exp(-E,/knT)  is 
the  familiar  Arrhenius  thermal  activation  law.  In  the  ease  where 
at  •  '*  |.  the  aging  law  may  he  written  as 

-  A  +  I)  log  t  (2) 

where  l>  ■  Cexp{-E,/kBT)  and  A  ••  I)  log  a,  For  example, 
when  Al'/I*  represent  synchronous  frequency  drift,  each  device1* 
frequency  drift  ages  according  to  equation  (2),  with  a  slope  D  and 
intercept  A  unique  for  each  device 

Recent  accelerated  aging  audits*  on  SAWF*  at  AT&T  Dell 
Laboratories  (AT&T- III,)  and  elsewhere14  have  substantiated  the 
validity  of  equation  (I)  for  certain  device  parameters  of  SAWF*, 
and  its  application  in  the  form  of  equation  (2)  is  discussed  in  more 
detail  in  the  last  section.  Furthermore,  the  data  militate*  that 
those  device  parameters  are  distributed  quite  normally 
Examples  that  demonstrate  this  normality  over  most  of  the 
population  are  given  In  Fig.  I  and  2.  In  these  figures,  the 
synchronous  frequency  and  phase  drift  distributions  of  SO  SAWF* 
are  characterised  at  various  measurement  times  during  an 
accelerated  aging  study  at  I20*C.  The  populations  are 
characterised  using  normal  statistics,  and  the  results  are  plotted 
on  normal  probability  graphs.  The  dashed  line  through  each 
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400  «00  A  1000  HOUR  PHASE  SHIFT  AT  120C 
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population  indicate*  the  bc*t  fit  for  a  perfectly  normal 
dUtrlbuilon.  A  more  detailed  ducussion  cf  there  figure*  U  given 
in  the  Ifuit  section. 

With  there  fncu  in  mind,  it  la  possible  to  eonrtrucl  a  parametric 
failure  rate  model  for  SAWF  aging.  The  baric  background  on 
parametric  failure  na  it  relates  to  aging  of  thtn-film  device*  ha* 
been  previously  deaeribed  by  J.  S.  Fisher7  and  haa  recently  been 
studied  further  by  I*.  L Scarfl*  and  A. S  Jordan*  A  similar 
approach  i*  puraued  here.  It  I*  worth  noting  that  besides  there 
reference*,  there  i*  very  little  information  on  parametric  failure  in 
the  literature,  and  apparently,  no  existing  model*  bared  on  the 
cryatal  aging  law.3  Therefore,  thir  paper  aim*  to  establish  a  model 
based  on  equation  (I). 

Predicting  Cumulative  Percent 
Failure  for  Parametric  Degradation 

To  obtain  an  appropriate  failure  rate  model,  one  may  start  with 
the  probability  density  function  f,  for  crystal  drift  parameters  in 
a  normal  distribution.  As  previously  described,  many  crystal 
parameter*  are  normally  dUtributcd,  so  that  f,  can  be  written  in 
Gaussian  form 


where  <AP/P>  represents  the  mean  value  for  a  given  set  of 
conditions  and  aP  is  the  standard  error  for  the  distribution. 

Parametric  failure  can  be  defined  by  the  maximum  permissible 
shift  in  AP/P  given  by 

AP/P  >  AP/P|p  (I) 


A|» 

where  — p — Ip  is  the  threshold  of  failure. 

Figure  3  illustrates  the  important  concepts  of  this  parametric 
model.  The  distribution  is  depicted  as  it  ages,  with  the  fraction 
of  the  population  that  exceeds  the  allowed  drift  increasing  in 
time.  The  figure  shows  three  snapshots  in  time,  showing  the 
distribution  before  and  after  the  time>to-median  failure  (r)  and  at 
time  t  =  r.  For  large  lime  (at  >>  1),  each  device  ages  according 


to  equation  (3)  and  the  mean  of  the  distribution  also  change*  in 
time  with  respect  to  AP/P(f  m 
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Fur  example,  »  above  i*  given  by  j}  where 

1  i-t  1  A 

N  I*  the  number  of  device*  At  lime  l  ■  r  the  mean  value  of  the 
distribution  is  equal  to  the  failure  threshold  (see  Fig.  3b},  so  that 


AP,  , 
~,Hr' 


A  •  +  *'D*s  log  r 
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The  cumulative  failure  function,19  Q.  which  expresses  the 
probability  that  the  device  will  fail  according  to  the  criterion  in 
equation  (I).  U 


where  we  sum  over  the  portion  of  the  distribution  that  ha* 
drifted  past  the  failure  threshold 

Using  equation  (3|,  equation  (*}  can  be  rewritten 

»$) 


liquation  |$)  ean  be  expressed  conveniently  by  the  romplementary 
error  function. 
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and  the  cumulative  failure  rate  (CFtt)  follow*  in  FIT*  ** 


CF!t  i 


■X  I01 


l.tuiug  «rr/»;I );*  »  <r„  equation  (10)  read* 
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Thh*  *how*  that  Q{()  ha*  *  lognormal  form  In  time  (set,  for 
example,  Jordan*)  and  that  the  standard  deviation  o,  can  be 
written  with  temperature  dependence,  i.c., 

<r,  «  ffp/C  exp  (-B./Kht)  ,  (12) 


Note  that  equation  (1 1)  la  not  strictly  lognormal,  since  *rt<  l* 
lime-dependent  xi  discussed  below. 


A  TimfOependcnt  Standard  Deviation 


In  the  above  equations,  it  is  important  to  note  that  ar  is  time 
dependent.  To  show  this,  it  U  also  eon/eaient  to  define  the 
standard  deviation  for  a  symmetric  distribution  in  terms  of  it* 
lower  or  upper  sigma  value.  Using  the  lower  form. 


(13) 


A[» 

where  the  subscript,  1C,  indicates  the  value  of  at  the  16th 

percentile  of  the  distribution.  With  ibis  definition  and 
equation  (2).  it  is  c a./  to  see  that  0|>  is  time  dependent  and  can 
be  written 

0|.(t)  -  <A>  -  Au  +  (<Dr*  -  D„j  log  l  .  (H) 


The  fact  that  a p  is  time  dependent  (depicted  in  Fig  3)  is  an 
unusual  feature  for  a  parametric-agmg  model.  This  feature  is,  of 
course,  a  direct  consequence  of  the  aging  law's  time-dependent 
form. 


Predicting  the  instantaneous  Failure 
Hate  for  Parametric  Degradation 

Finally,  it  is  of  interest  to  calculate  the  probability  density 
function  for  failure,  £t),  so  that  the  instantaneous  failure  rale 
X(t)  can  be  obtained.  This  is  obtained  through  the  total 
derivative  of  Q(t)  as10 

(15) 
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where  f(t)  (7*  f,)  is  the  probability  density  function  for  failure. 

Differentiating  under  the  integral  and  performing  the  integration 
yields  the  desired  results.  For  e-ample,  the  approach  used  for  the 
first  term  reads 


with  The  integrals,  while  cumbersome, 

are  straightforward  The  result  read* 
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and  is  valid  when  u t  -  «  I,  Note  that  the  *eeond  term  In  the 
first  square  bracket  results  ftwiii  the  lime-dependent  *igina  term 
in  equation  (15). 


The  Instantaneous  failure  rale  can  now  be  obtained  in  twrm*  of 
the  parameter*  once  we  insert  equations  (9)  and  (IT)  into  X(t), 
which  is  given  in  FIT*  by,a 

MO  -  *  1°’  (IS) 

In  term*  of  the  time  to  median  failure  r, 


(19) 


Equations  (II)  and  (19)  indicate  that  if  the  characteristic 
parameter  for  the  device*  being  investigated  is  distributed 
normally  and  ages  according  to  equation  (2),  then  the  CFR  and 
the  Instantaneous  failure  rate  have  a  lognormal  form  in  time.  It 
Is  therefore  possible  to  reliably  predict  failure  rales  of  SAWFs 
and  other  quart*  devices  using  equations  (11)  and  (19). 

Furthermore,  such  predictions  can  be  based  on  small  sample  sixes 
which  ean  be  estimated  from  the  characteristics  of  typical 
previous  distributions  and  the  desired  confidence  limits,  Also,  it 
is  not  necessary  to  find  the  time-to-median  failure.  The 
distribution  only  needs  to  be  characicriied  at  constant 
temperature  for  two  different  '.inies  for  the  model.  Once  -p-|p 

is  defined  and  and  <rP  have  been  statistically  determined 

for  a  'j'.vcn  sample  population  at  two  different  times,  the 
reliability  quantities  may  be  obtained  at  any  other  time. 
Furthermore  Hiese  values  may  be  obtained  as  a  function  of 
temperature  provided  the  activation  energy  is  known  [see 
equation  (1)]. 


Using  the  Model  to  Predict  the 
Parametric  Failure  Rate  for  SAWFs 

In  this  section,  the  mode)  is  demonstrated  on  a  sample  population 
of  80  SAWFs  having  their  nominal  frequency  at  295.6  MHz.  The 
fillers  have  been  aged  at  120°C  for  COO  hours.  The  population  for 
synchronous  frequency  and  phase  drift  have  been  characterized  at 
three  different  times,  and  the  results  are  graphed  in  Fig.  1  and  2, 
respectively.  To  characterize  the  data,  It  measurements  were 
made  on  each  device  over  the  600-hour  aging  period.  Then  the 
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re*ulling  11  data  point*  we re  ruled  by  method  nf  lean  squares  fit 
using  the  aging  law  a*  given  in  equation  (2)  The  resulting  least 
square*  fit  to  the  data  wa*  then  calculated  at  100.  COO.  and 
1000  hour*  f«r  caeh  device  The  resulting  fitted  distribution  of 
the  SO  SAWF*  u  what  u  shown  in  Pig  I  and  2  Fitting  the  data 
in  tht*  way  utilite*  all  the  data  IlHwever.  fitting  all  of  the  data  ta 
not  neccM»ry  to  u»e  the  proposed  model  It  t*  only  necessary  to 
characterise  the  raw  data  at  two  different  time* 

It  should  be  noted  that  the  confidence  in  the  fitted  data  using  the 
aging  law  [see  equation  {21}  is  quite  good,  demonstrating  the 
applicability  of  the  aging  bw  For  example,  the  OO-pcrcent 
confidence  limit  about  the  mean  at  COO  hour*  is  2  ppm  for  the 
frequency  distribution  and  OS-phase  degree*  for  the  phase 
distribution 

The  205.6-MIU  SAWF  data  is  representative  of  high-performance 
filter  product*  While  this  particular  device  is  used  at  HFC  at 
the  ocean  bottom,  many  terrestrial  SAWF*  operate  at  bay 
temperatures  of  50T1  with  temperature  excursion*  up  to  75'C 
The  model  Is  used  to  extrapolate  the  failure  rate  in  the  extreme 
ease  at  75*C,  However,  it  should  lie  noted  that  even  at  50*C,  the 
failure  rate*  up  to  25  year*  prove  to  be  negligible. 

Figure  I  show*  the  characteristic*  of  the  frequency  shift 
distribution  (in  ppm)  of  $0  SAWF*  after  -100,  C00,  and  I  (XX)  hour* 
at  I20T,  while  Fig  2  show*  the  distribution  fur  phase  (in 
degrees)  at  these  line*  The  population*  arc  characterised  using 
normal  statistics,  and  the  result*  are  plotted  on  normal 
probability  graph*.  The  dashed  line  through  each  population 
indicate*  the  best  fit  f«.r  n  perfectly  normal  distribution.  The 
figure*  help  to  dctmmatrale  the  n-jtmaliiy  for  each  distribution, 
with  each  distribution  having  a  correlation  coefficient  to  the 
best-fit  dashed  line  greater  than  00$  This  observation  lend* 
support  for  using  the  Gaussian  form  to  represent  the  parameter 
distribution  in  equation  (2)  It  should  be  noted  that  with  the 
absewsa  plotted  in  standard  normal  deviates,  the  slope  of  the 
dashed  line  yields  the  standard  deviation  for  the  population, >0 
From  the  figure*,  then,  one  can  easily  observe  the  mean  nml  the 
slope  (or  standard  deviation  value)  increasing  with  aging  time  a* 
discussed  earlier  [see  equation*  (5)  and  (M)j 

I'aing  the  mean*  and  the  standard  deviation*  noted  in  the  figure* 
and  defining  rather  stringent  failure  criteria  of  22  ppm  for 
frequency  stability  and  t  degree*  for  phase  stability  throughout 
the  product  life  of  25  years  and  a  previously  determined 
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activation  energy,  the  computed  reliability  quantities  arc  given 
for  the  op-rating  temperature  of  75*C  In  Fig.  -I  and  5  for 
synchronous  frequency  and  phase  stability,  respectively  Tlic*e 
figure*  |d  -t  the  cumulative  percent  failure  (upper  abscissa)  and 
the  tnstantancwu*  failure  rate*  (lower  abscissa)  ver*u*  time  with 
the  arrow*  m  the  figure*  indicating  their  respective  axis  From 
Fig  I,  the  instantaneous  failure  rate  for  frequency  stability  would 
be  less  than  5  FIT*  at  75“C  for  time*  up  to  20,000  hour* 
(approximately  3-5  year*)  and  goes  through  a  peak  of  7-1  FIT*  at 
25  year*  with  lea*  than  0  5  percent  of  the  device*  exceeding  the 
parametric  limit  ••(  32  ppm  Figure5  show*  that  the 
insuniane-u*  failure  rate  Pir  phase  suability  would  be  leas  than 
35  FIT*  for  3.5  y.-ar*  and  leas  than  103  FITS  for  25  years  at  75'C 
with  less  than  l  percent  of  the  devices  failing  when  the 
parametric  phase  limit  is  set  at  -Is  (phase  degrees),  Till* 
calculation  ia  valid  when  l  >  >  I/a  [sec  equation  (l)],  which  has 
been  estimated  from  aging  data  on  this  filter  to  be  greater  than 
50  hours. 

The  calculated  results  will  be  highly  dependent  on  the  activated 
energy  value,  since  the  result*  have  been  extrapolated  down  from 
the  120°  aging  data  to  an  operating  temperature  of  75°C  (see 
equation  (I)].  The  nominal  value,  E,  0.25  ev,  has  been 
previously  determined  from  extensive  isothermal  aging  studies, 
with  a  00-percent  lower  bound  confidence  limit  for  the  activated 
energy  of  E,  ■■  0.17  ev.  The  failure  rates  quoted  above  at  75'C 
with  E, ««  0.25  ev  would  apply  at  5S°C  if  this  worst-case  lower 
OO-percenl  confidence  value  E,  ■■  0.17  ev  were  used  in  the 
calculation  for  the  activation  energy,  since  the  120°  to  75°C 
acceleration  factor  with  E,  »*  0.25  ev  is  equivalent  to  the  120°  to 
SS'C  acceleration  factor  with  E,  ■»  0.17  ev.  This  implies  that  the 
00-percent  lower  temperature  bound  for  this  reliability  prediction 
is  at  5S°C. 

Summary 

A  theoretical  model  for  the  prediction  of  the  parametric  failure 
rate  of  quartz  crystal  devices  was  obtained  based  on  the  aging  law 
and  a  representative  failure  threshold.  The  model  shows  that 
when  the  devices  age  according  to  this  law  and  parameters  are 
distributed  in  a  Gaussian  form,  the  failure  rales  prove  to  have  a 
lognormal  form  in  time.  The  parametric  failure  rate  for  the 
295.G-,Miiz  SAWF  was  obtained  at  75°C  using  the  model  based  on 
aging  data  taken  on  sample  population  of  80  SAWFs.  The  model 
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is  easy  (o  use,  straightforward,  ami  requires  a  minimum  of  input 
The  methodology  may  be  applied  to  ether  types  of  devices  when  a 
device  aging  law  is  known. 
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Abstract  -  Surface  acoustic  wave  devices 
produce  plate  nodes  which  degrade  the  devices' 
performance.  Experiments  also  show  that  SAW 
chemical  sensors  in  liquid  media  do  not 
operate  as  in  the  gas  phase.ll]  It  is  known 
thac  the  dominant  mode  of  energy  propagation 
Is  not  due  to  Rayleigh  waves  in  thin  substrate 
devices.  The  classical  analysis  procedure  for 
freely  propagating  plate  modes  is  to  seek 
partial  wave  solutions  to  the  equations  of 
motion  and  then  to  require  thac  suras  of  these 
solutions  give  the  prescribed  behavior  at  the 
lace  boundaries.  Instead  of  solving  this 
oundary  value  problem  a  two-dimensional 
theory  for  high-frequency  vibrations  of 
pelzoelectrlc  crystal  plates  is  employed  to 
study  the  place  mode  propagation  in  SAW 
devices. [2]  Dispersion  relations  arc  obtained 
in  explicit  algcbrlc  form  and  solved  for  a 
given  thickness  of  the  substrate.  Place  mode 
spectra  are  obtained  for  SAW  delay  lines.  It 
is  demonstrated  that  with  this  approximation 
method  Che  spectra  are  much  simpler  to  compute 
and  the  coupling  between  the  various 
anharraonlc  modes  is  easier  to  determine. 

Introduction 

The  incerdlgicnl  transducers  (IDT)  of  the 
surface  acoustic  waves  (SAW)  devices  are 
effective  for  launching  not  only  Rayleigh 
waves,  but  also  slow  quasi-shear  waves,  fast 
quasi-shear  waves,  quasi-longitudinal  waves 
and  their  anharraonlc  overtones.  The  place 
mode  coupling  in  SAW  devices  is  well 
known(3,4)  and  their  Influence  on  the  terminal 
properties  of  SAW  filter  were  examined  by 
Wagers[5 ,6] .  The  efforts  were  put  coward 
eliminating  the  place  modes  for  SAW  filter 
designers.  Recent  studies  on  Che  place  mode 
sensor  devlces[7)  and  chemical  sensors  in 
liquids [ 8 )  show  chat  place  modes  are  importune 
in  devices  on  both  thin  and  thick  substrates. 

A  place  mode  sensor  designer  needs  to  under¬ 
stand  the  plate  modes'  characteristics  in 
order  to  select  one  against  the  ocher. 

The  classical  analysis  procedure  is  to  seek 
partlul  wave  solutions  to  the  equations  of 
motion  and  then  to  require  the  suras  of  these 
solutions  satisfy  the  plate  boundaries' 
conditions . 

In  Che  present  paper,  two-dimensional  equa¬ 
tions  of  motion  of  successively  higher  orders 
of  approximation  are  applied  to  study  the 
plate  modes  in  SAW  delay  lines.  Because 
either  the  face  potential  or  the  face  charge 
might  be  specified  as  surface  conditions,  the 
place  mode  frequency  can  be  easily  tound  with¬ 
out  iteration  for  a  given  substrate  thickness. 

To  examine  the  accuracy  of  these  equations, 
one  needs  to  find  the  dispersion  relations 


between  frequency  and  wavelength /thickness 
ratio.  Dispersion  curves  of  straight-crested 
wave  propagating  In  the  xl  direction  in  a 
ST-cuc  quartz  plate  arc  obtained  by  both  the 
classical  method  and  the  approximation  method. 
The  comparison  shows  good  agreement. 

To  demonstrate  chat  these  approximate  equa¬ 
tions  can  be  directly  applied  to  the  SAW  delay 
line,  we  calculate  the  plate  mode  frequency  of 
a  50  MHz  delay  line  on  eight  wavelength  chick 
ST-qunrtz.  The  frequencies  of  the  calculation 
and  the  davlce  testing  results  agree  well  with 
each  ocher. 

Classical  Analysis  Method 

The  geometry  under  consideration  is  Illus¬ 
trated  in  Fig.  1 .  A  piezoelectric  plate  has 
its  length  along  the  xj-axls  and  thickness  2b 
along  the  x2-axls,  and  the  modal  variations 
are  taken  to  be  independent  of  xj.  For  com¬ 
parison  purpose,  we  review  the  classical 
method  comparison  purpose,  we  review  the  clas¬ 
sical  method  here.  The  equations  of  motions 
are 

cljkluk, 11  +  eklj4#kl  -  Puj,ct 

cikiuk.ll-cik^kl  -  0  (1) 

l.J.k.l  -  1,2,3 


The  place  is  assumed  to  be  stress  free,  and 
the  boundary  conditions  are  at  Xj  ■  lb 


T2J  “  c2Jkiuk, l  +  ek2J$»k  -  0 
open  D2  -  C2klUk,i  -  C2k$.k  “  0 
or 

short  $  «  0  (2) 


We  assume 

u  j  »  aj  e  i<jtelk(xj+l2X2) 

$  -  a^el'^e^(xj+i2X2)  (3) 


where  the  transverse  propagation  constant 
along  thickness  is  normalized  to  be  a  fraction 
t2  of  chat  along  the  substrate  length  propaga¬ 
tion  constant  k  •  k  is  always  real,  but  12  may 
be  a  complex  number. 

Substitution  of  (3)  into  (1)  yields  an  eighth 
order  polynomials  in  t2  with  coefficient  as 
function  of  material  constants  cy ,  ejn,  ey 
and  phase  velocity  V, 
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#8*2®  +  a7l2^  +  a642®  +  n5t2®  +  nhl  Z*' 

+  {1312^  +  «2l2^  +  <M12  +  flQ  "  0  (4) 


where  aj  -  f(Cij,  ej.p,  cfj,  V) 


foe  n  given  value  of  V  chore  are  eight  roots 
of  t2  as  t2'n^ *  n  ■  I,  2,  ...8. 

The  mechanical  displacement  and  cleccrlc 
poconclnl  can  be  expressed  as 

uj  ■  cUhicmo/4(n)co8l2^n)x2  . 

J  TO") 

{,  ■  eUhj;crao/(Cn)co8t2tn)x2  •  (5) 

m- r 


c56u3  ,  li°^  c66U2tji°^n,  <C66UI,}^  e2b  ♦.fi> 

„  N  ,  (to)  (to) 

+  SB  h»3  nB»o  <c66«l  ,1  +  C26M> 

.  (0)  ,  (0) 

+  ?2  »  oo2_zU2,cc 

cS5u3,f?)+  c56“2,f?>+  ^  C«56«f I?  +  025*-(lV 


where  oj(n)  (J  "  l  ,2,3,4)  are  amplitude  raclo.  m  ,0»  m  fn 

By  substituting  each  t2'n'  back  Into  0).  one  eHu1,ii”  Ejl^'n  +  (0J2u2v,l  +  e14u3\w 

nay  solve  aj(ni. 

ii  \ 


An  8  x  8  boundary  value  decerralnanc  can  chus 
be  formulated  by  substituting  (S)  into  the 
boundary  conditions  (2). 

I  limn  I  "  0  (« 

Solutions  to  Kq.(6)  are  found  Iteratively, 
first,  a  value  of  phusc  velocity  Is  chosen, 
Chen  Eq.(4)  Is  solved  for  the  eight  t2\n),  the 
amplitude  radon  oj(n)  are  calculated  and  the 
boundary  value  determinant  Is  evaluated.  If 
Eq . (6)  Is  satisfied,  then  a  plate  mode  has 
been  found,  If  not  a  now  velocity  Is  chosen 
and  the  process  Is  repeated. 

Approximate  Analysis  Method 

In  the  two-d  linens  Iona  l  approximate  theory, 
Che  components  of  mechanical  displacement  and 
clectrLc  potential  arc  expanded  In  an  Infinite 
scries  with  the  thickness  dependence  expressed 
by  trigonometric  functions 

Ul  “n^Q  UJ.(n)  (X|  ,t)cosig»  (1  -£>  • 

$  -  £„  $<n)(xj  ,c)cos"s.  (1- 

For  clearlty  and  ease  of  use,  equations  of 
xero-  and  first-order  approximation  which 
contain  correction  factors  d]  and  d2  and 
general  equations  of  nth  order  approximation 
1  <  n  <  N  arc  recapitulated  and  displayed  In 
detail  for  Che  rotated  Y-cut  crystal  with 
class  32  symmetry. 

Zero  order  equations 

ci|uij?)+  £L  (cj2u2,(i1)+  ct^^ 

„  N  (to)  (to) 

+  ra-3niBn10  (c,2U2.i  +  C1AU3.W 


+  n«3  nBmo  (<M  2^2,1  +  CI4U3 , 

+  Cjg)  ^  "  0 


where 


jn  ■  1,3,5*.. 


+  ^75^  pu1  ,i 


First  order  equations 

0>  (I)  2ai  ,  (0)  (0) 

ciiu]  ,n  +  ei  1  ❖, 1 1  -  ^  (c66u2 , 1  +  c56u3 , 1  / 

,  ,  (,)  0> 

-  (yg>Z  (C6GU1  +  e2b$) 

-  M  ,  .  (m)  (m) 

+  To  mE«]'mBrai  <c12«2 ,  l  +  C14U3 , 1 ) 

n  t  (m>,  Cn*>. 

-  B„,l  (c56u3 ,1  +  c66u2,l)J 

t  ,1,  XU  0) 

+  (-g)  h  ■  pui  ,tc 

or  2  O)  ,2ai  \  /  '0> 

°2C56U3 , 1 1  +  ®2zc66«2,ll  -  (-^) (c12«l ,  1 

+  -  (^2  (C22U2)+  C2/JU3V 

*  N  .  (m)  (ra) 

lb  n»)‘mBml  (c66’»l,l  +  C26^.l) 

-  Bml  ( c  1 2U1  ,1  +  e]2M)J 

,0)  O) 

+  (-g)  F2  “  Pu2 ,  tt 
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whore 


U>  H)  ,2a,,,  <°) 

C5SU3,11  +  a2c56u2, 1 1  “  Hc3  4ul ,  1 

(0)  (3)  (3) 

+  «34+<3)  “  (jfg)2  <c24u2  +  c44u3 > 

+  2b  <c36ul!l,+  *25+»  3  1 

(m)  (m), 

“  B*1  ( c3 4u3 . 3  +  «34+*  3  > I 

fi,  in  U) 

♦  tg)  *3  -  pU3,tt 


U)  A 1)  ,2,,  (0) 

el  3U3 , 3  3  "  ell+«13  "  °1 (g) ( <25u3 , 1 


+  «2bu2 1 3  I  “  ( 2  <  c2b«l ^ “  «22+l 

n  N  (m)  (m3 

+  2b  M^j,mD»3<c32u2.3  +  c14u3.l) 


__  m  Cnq  va  ■  surface  wave  velocity 

cpq  ”5GG 

For  ST-quartz 
V8  ■  0.933053 


(m)  (m)  (3) 

“  Bml ( c2bw2 , 3  +  e25u3 ,3)1  +  lg)  D  "  0 

n-th  order  (1  <  n  <  N) 

( n )  (n)  nR  „  (n)  (n) 

CX1U1 1 13  +  end'll  “t 2bJ 2  lc66'>3  +  £20+) 

n  N  («)  (m) 

+  2b  mEo^'#D’Bn  {Cl2U2n  +  C1 4U3 , 3 ) 

(m)  (m3 

"  nBnm  (c56u3 , 3  +  c66u2 , 3  I 

,3,  i«)  <"> 

+  (g)  *  1  m  Pul,tt 

C56u3,33>+  c66u2,31,_  (fg) 2 <c22“2 ^ +  c24^3 1 
+  t2b,B«0|lnB'nn  {C66Ui-i5+  c26+  *  3  1 

"  nBnm  (c32ul,3  +  «.a*!?h 

,3,  in)  (n) 

+  (g)  *2  "  Pu2,tt 


a2  ■  0.9554 

In  two-dimensional  theory,  the  boundary 
conditions  on  the  top  and  bottom  of  the  plate 
will  be  specified  in  different  ways.  Dy 
specifying  the  face  tractions  and  face 
charges,  the  top  and  bottom  surface  boundary 
conditions  are  already  part  of  the  equation. 
SAW  delay  line  sensor  normally  has  a  thin 
layer  of  selective  coating  on  the  top  of  the 
device.  The  mechanical  mass  loading  effect 
can  be  taken  into  account  as 

Fj(n)  .  fj(n)  .  2b'p'ujitt 

where  2b'  is  the  film  thickness  and  p’  is  the 
film  mass  density.  The  electrical  effect  on 
the  surface  can  be  specified  for  open 
conditions  as 

D<n)  ■  0 

or  for  short  condition  as 


D^n)  "  g  (e26ul ^  4  022u2^n^  +  ®24u3^n^ 
n  ■  1#  3 1  5  •  •  • 


1**1  1**1  nw  ^  \*W  %*•! 

c55u3 , 3 1  +  c56u2, 11  -  {^l2  (C24U2  +  C44U3) 


Solutions  of  Approximation  Method 


„  N  ,  (m)  (ra) 

+  2b  mSo*BB®n  {c56ul.l  +  e25+» 1 ) 

“  nBnra  lc14ul!l>+  Cl4+Jli'l 

+  (g)  ^3,=  PU3.lt* 

cllul,U*“  cll+«ll,“  (g^)2  (C26^11_  c22$) 

»  H  ,  (ra)  (ra) 

+  2^  m=0*mBran  <Cl2U2'1  +  c14u3,l) 

(a)  (mj 

-  nBa  ( C25U3 ( j  +  C26u2 , 1 )  I 


The  relationship  between  normalized 
frequency  and  normalized  wavenumber  con  be 
found  by  substituting  the  displacement  and 
potential  in  the  equations  of  motion.  For  a 
given  value  of  plate  thickness,  or  a  given 
value  of  normalized  wavenumber,  we  can  find 
the  corresponding  normalized  frequency,  or 
phase  velocity  of  plate  modes.  We  don't  need 
iteration  when  we  use  the  approximation 
method. 

The  matrices  of  the  dispersion  relations  are 
symmetric  and  their  elements  may  be  classified 
into  four  groups:  Amn,  Bmn  for  elements  on  the 
main  digaonal;  Cmn  and  Dmn  for  the  elements 
off  main  diagonal. (8)  In  terms  of  these 
groups  the  ldsperslon  relations  of  the  N-th 
order  theory  for  the  essentially  symmetric 
families  of  modes,  respectively,  can  be 
written  as: 
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m 


0 

1 

2 

3 

4 

5  ... 

N 

0 

Ago 

coi 

0 

C03 

0 

Cos  ••• 

0 

1 

Oil 

012 

0 

O12 

0  ... 

Oln 

2 

''22 

C23 

0 

C25  ••• 

0 

3 

»33 

03  4 

0  ... 

03n 

4 

''44 

C45  ... 

0 

5 

055  ••• 

05  n 

N 

and 


Ann 


■0 


0 

1 

2 

3 

4 

5  ... 

N 

0 

Bqo 

DOI 

0 

003 

0 

Dos  ••• 

°0n 

1 

All 

Cia 

0 

C14 

0  ... 

0 

2 

022 

023 

0 

025  ••• 

02n 

3 

A33 

C34 

0  ... 

0 

4 

O44 

045  ••• 

°4n 

5 

A55  ... 

0 

• 

'nn 


■0 


The  terms  in  the  groups  are  defined  os  follows 
(0  <  m,  n  <  N,  for  any  N  >  0): 


Ann 


Jnn 


-nm 


Ull22  +  n^gg  -  n2  «liz^  +  n2S2(; 

z2  +  n2TT26  -  Tnz2  -  n2r22 

Uggz2  +  n2C22  “  A2  Csgz2  +  n2C"24 
TJggz2  +  n2C24  ^55z2  +  °2^44  “  02 

16z2  I  <  n2ce'6+II‘2cT2  >  <  n2c'56+m2cT4  )i 
"i(n2-m2)2»2  !  (ra2C,i2+n%26H'I»2^14+n2«25)| 


16z2 


Dnm  Bt(m2-n2)2i2 


(m2cgg+n2ri2Hm2B'26+n2^l2) 

(m2cgg+n2TTi4 )  (m2^25+n2^i4 ) 


whore 


2  "  7V2b7'  n  ■  “I2"  ^2 


rnn  ■  32a,  ?ia  -  r««  ■  in 

Pq  egg  TcggcHTW  r22 


■  fll  . 


The  upper  sign  in  the  lent  two  groups  Is 
applied  to  the  essentially  symmetric  family  of 
modos  and  the  lower  sign  is  applied  to  the 
essentially  antisymmetric  family  of  modos.  It 
shall  bo  noted  that  the  correction  coeffi¬ 
cients  oj  and  a2  are  only  applied  in  terms 
UQO#  Bll »  Col,  D01. 

Theoretical  and  Experimental  Results 

The  dispersion  relations  for  the  fifth* 
sixth  order  theories  are  generated  by  the  ap- 
proxlmotion  method.  The  dispersion  curves  for 
the  essentially  antisymmetric  (fifth)  and  es¬ 
sentially  symmetric  (sixth)  families  of  modos 
are  computed  for  ST-cut  quartz  SAW  delay  line 
and  compared  with  the  curves  obcoinad  from  the 
classical  method.  The  two  sets  of  curves  match 
very  well  (Fig.  2-5).  To  demonstrate  that  the 
approximation  method  is  opplicnblo  directly  to 
tho  onalysis  of  SAW  delay  linen,  wo  U30  It  to 
calculate  tho  frequency  of  plate  modos  in  an 
eight  wavelength  thick  50  KHz  delay  lino. 
Figure  6  is  the  prediction  of  tho  location  of 
tho  plate  modes.  Figure  7  is  the  tost  result 
of  tho  actual  SAW  device.  Tho  agreement 
between  tho  approximation  theory  prediction 
and  tho  experimental  results  ore  very  close. 

Conclusions 


It  is  concluded  that  the  opproximntion 
method  provides  an  alternative  way  to  analyze 
tho  plate  modos  in  SAW  device.  For  plate  mode 
sonsors  application,  it  has  several  advantages 
over  tho  classical  method. 

First,  it  is  simpler  to  calculate  numeri¬ 
cally,  because  no  iteration  is  needed. 

Second,  for  sonsor  application  mass  loading 
is  very  important,  and  tho  approximate  method 
can  take  the  mass  loading  into  account  by 
specifying  tho  foco  traction  in  tho  equations 
of  motion. 

Third,  when  wo  study  tho  temperature 
effects,  pressure  effects  for  sonsor  applica¬ 
tion  or  the  acceleration  effects  for  oceoloro- 
motor,  we  need  to  find  tho  appropriate  cuts. 
Using  tho  approximation  method  not  only  can 
save  time  on  tho  calculation,  but  also  give  us 
a  bettor  fooling  of  the  individual  mode  wo  are 
looking  for. 

It  is  also  of  interest  to  note  that  this 
approximation  method  is  applicable  to  the 
analysis  of  surface  skimming  bulk  wave  devices 
and  reflected  bulk  wave  devices (81 (91 . 
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Fig.  2  Dispersion  curves  of  the  essentially 
antisymmetric  modes  from  classical 
method  for  waves  in  xi-dlrection  In  a 
ST-cut  quartz  plate. 
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Fig.  3  Dispersion  curves  of  the  essentially 

antisymmetric  modes  from  approximation 
method  for  waves  in  xi-dlrection  In  a 
ST-cut  quartz  plate. 


xz 


Fig.  1  Plate  coordinates  and  boundaries. 


Fig.  4  Dispersion  curves  of  the  essentially 
symmetric  modes  from  classical  method 
for  waves  in  xi-dlrection  In  a  ST-cut 
quartz  plate. 
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Fig.  5  Dispersion  curves  of  the  esentially 
symmetric  modes  from  approximation 
method  tor  waves  in  xi-direction  in  a 
ST-cut  quartz  plate. 


Fig.  6  Prediction  of  the  frequencies  of  the 
plate  modes  in  an  eight  wavelength 
thick  50  KHz  SAW  delay  line. 


Fig.  7  Transmission  response  of  the  plate 

modes  in  an  eight  wavelength  thick  50 
MHz  SAW  delay  line 
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Abstract 

This  paper  will  present  an  overview  of  the  thin 
film  resonator  technology  discussing  Issues  o £ 
materials,  materials  processing,  device  physics,  and 
potential  applications  in  oscillators  and  bandpass 
filters  including  performance  characteristics 
achieved  to  date. 

The  thin  film  resonator  (TfR)  was  initially 
demonstrated  in  the  form  of  a  composite  membrane 
structure  on  a  silicon  substrate  and  later  on  CaAs. 
The  minimum  requirements  for  an  acoustic  resonator 
are  reflecting  surfaces,  a  means  of  exciting  the 
acoustic  wave  (piezoelectric  films),  and  a  set  of 
electrodes  (photolithographlcally  defined  metal  film 
patterns),  with  these  basic  principles  in  mind,  a 
number  of  variations  of  the  basic  structure  have  been 
studied. 

Trom  a  technological  standpoint  the  impact  of 
the  TfR  technology  stems  from  two  main  features; 
first,  the  thin  film  approach  allows  fabrication  of 
fundamental  mode  resonators  to  2GII:  and  possibly 
beyond,  and  second,  the  resonators  can  be  fabricated 
on  semiconductor  substrater  and  Integrated  with 
active  devices. 

The  fruition  of  the  TFR  Into  an  established 
technology  Involves  solving  complex  problems  in  thin 
film  materials  growth,  materials  processing  (includ¬ 
ing  IC  process  compatablllcy),  device  physics,  and 
systems  integration.  These  Issues  will  be  discussed 
and  progress  made  on  these  problems  will  be  cited 
with  specific  examples. 

Introduction 

The  thin  film  resonator  (TFR)  Is  a  high  fre¬ 
quency  analog  of  low  frequency  (primarily  quarts 
based)  electromechanical  devices. I"5  The  TFR  is 
based,  however,  on  a  processing  technology  that  is 
fundamentally  different  from  the  low  frequency  bulk 
wave  or  conventional  surface  acoustic  wave  (SAW) 
technology.  As  a  practical  operating  definition  the 
TFR  is  a  device  whose  structure  is  formed  by  an 
additive  film  deposition  process  rather  than  the 
substractlve  process  of  the  mechanical  extraction  or 
removal  of  material  from  bulk  crystal  ingots.  By 
growing  materials  on  one  another,  the  TFR  technology 
can  synthesize  complex  material  heterostructures  to 
fabricate  electromechanical  devices  having  unique 
properties.  The  functional  value-added  nature  of  the 
TFR  technology  and  the  processing  techniques  employed 
immediately  lends  Itself  to  integrated  circuits. 

Materials  processing  for  the  TFR  technology  be¬ 
longs  to  the  sophisticated  realm  of  microelectronics 
since  thin  film  processes  are  Involved  and  TFR 
fabrication  is  done  on  semiconductor  substrates.  In 
carrying  the  process  further,  wo  have  fabricated  an 
integrated  oscillator  which  will  be  reviewed  in  this 
paper. 
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Compared  with  other  acoustic  based  technologies, 
the  TFR  represents  a  new  technology  that  is  mate 
complementary  than  competitive.  For  example,  con¬ 
ventional  acoustic  devices  ore  unlikely  to  compare 
favorably  to  the  TFR  in  toir  to  Soils  bandpass  filter 
applications,  SAWs  have  their  unique  capability  for 
transversal  filtering,  and  the  long  term  stability  of 
low  frequency  quart:  clocks  is  well  established.  In 
a  complementary  sense,  the  TFR  will  find  applications 
in  high  frequency  low  insertion  loss  filtering  and  in 
fully  integrated  applications  specific  integrated 
circuits  (ASIC)  from  VltF  through  Soils. 

This  paper  will  present  a  report  on  the  status 
of  the  TFR  technology  as  it  exists  to  date  in  this 
laboratory  and  elsewhere  when  known.  Efforts  on 
theoretical  modeling  that  this  group  has  reported 
elsewhere  will  not  be  repeated  here  in  the  Interest 
of  emphasising  actual  experimental  results  on 
resonators,  filters,  and  integrated  oscillators. 

Basic  Thin  Film  Resonator  (TFR) 

As  shown  in  Fig.  1,  the  Thin  Film  Resonator 
(TFR)  Is  composed  of  three  basic  elements  common  to 
all  piezoelectric  resonators;  a  piezoelectric 
dielectric  for  generating  waves,  electrodes  for 
applying  the  electric  fields,  and  finally  two 
reflecting  surfaces  for  establishing  a  standing  wave. 


Fig.  1.  Schematic  representation  of  a  piezoelectric 
resonator  and  its  approximate  Buttervorth- 
Van  Dyke  equivalent  circuit. 


Resonators  whose  extent  is  large  in  all  lateral 
directions  compared  to  the  thickness  can  be  modeled 
analytically  by  a  one  dimensional  resonator.  The 
electrical  impedance  in  this  case  is  given  by 

z  -  (1/jojOj.)  11  -  K2(tan3)/Dl  (la) 
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where  a  -  kd/2,  half  phase  across  the  resonator, 

or  *  tC/fp) 


(totalisation  patterns  In  high  frequency  IC‘s.7  Again 
the  procedure  establishes  reflecting  surfaces  for  the 
resonator.  At  microwave  frequencies  lew  0  bridge 
materials,  such  as  siOg,  should  be  avoided. 


where  fp  *»  v/2d,  parallel  resonant  frequency, 

and  K2  -Oj/t*rOt  (lb) 

where  >,  *  H*  (fs/fp) 

with  fs  »  series  resonant  frequency. 

A  circuit  model  of>en  used  by  designers  Is  the 
•utterworth-vanDyke  (BVOj  model  shown  in  rig.  lb.  By 
comparison,  Its  terminal  impedance  Is 

2  -  (1/juCr)  2s/Zp 

where 

2s  «  1  -  (f/fs)2  ♦  jlf/fs)  Os"1 
2p  -  1  -  Cf/fp)2  +  jil/lp)  Op"1 
fs  «•  %n  (tea)"1! 
fp  ■  fs  (1  +  Ca/Co)"** 

Qs  »  2nfsCaR 

Op  »  Os  (1  *  Ca/Co)H 

co/ca  «  traditional  "capacitance  ratio*. 

Tor  resonators  of  technological  interest  the 
factor  >10  and  therefore  the  series  and  parallel 
resonances  appear  to  occur  independently  as  frequency 
is  changed  from  fs  to  fp.  The  respective  Q's  around 
resonance  can  be  shown  to  be  given  by 


_  fr  dza 

Qr  T3T 


where  fr  is  either  fs  or  fp.  Tor  experimental 
purposes  It  is  useful  to  use  Q,  as  defined  above,  as 
an  implicit  indicator  of  resonance.  Thu*  series 
resonance  is  defined  as  the  maximum  Q  near  minimum 
impedance  and  parallel  resonance  defined  as  the 
condition  of  maximum  0  near  maximum  impedance. 

The  TTR  composite  structures  that  have  been 
reported  are  shown  in  rig.  2.  In  rig.  2a  a  silicon 
substrate  is  employed  with  a  boron  doped  pf  layer 
used  as  an  etch  stop  for  a  selective  chemical  etch. 
The  resultant  pf  membrane  is  used  as  a  platform  or 
substrate  for  subsequent  film  deposition  of 
piezoelectric  layers  and  eventual  (Totalisation  for 
the  electrodes.  Since  p*  silicon  is  a  good  conductor 
it  can  act  as  one  electrode  Itself  with  a  possible 
backside  metalization  for  purposes  of  establishing 
uniform  current  distribution  in  the  p+  membrane. 

The  structure  of  rig.  2b  is  more  closely  related 
to  a  conventional  free  plate  resonator  because  the  p* 
membrane  has  been  removed  by  a  selective  etch 
(reactive  ion  or  plasma  etching)  process.  This 
configuration  is  useful  for  materials  evaluation 
purposes  since  the  resonator  is  composed  primarily  of 
the  piezoelectric  film  itself.  However,  at  microwave 
frequencies,  the  finite  metal  thickness  must  be 
accounted  for  and  in  that  sense  all  such  resonators 
are  considered  as  cceposites. 

Top  side  processing  techniques  are  Illustrated 
in  Figs.  2c, d.  In  Fig.  2c  an  undercutting  etch  is 
used  through  a  hole  in  the  piezoelectric  to  establish 
a  free  reflecting  surface  under  the  piezoelectric 
film.°  In  Fig.  2d  the  process  is  similar  to  *-hat 
used  in  establishing  cross-over  air  bridge 


TOP  Vi£W 


Tor-sxoc  moctsswc 


d) 


Fig.  2.  Resonator  topologies  that  have  been 

inplemented  using  thin  film  piezoelectrics 
and  microelectronics  processing  techniques, 
a)  the  p+  membrane  platform,  b)  the 
piezoelectric  nenbrane  with  the  p+  removed 
by  plasma  etching,  c)  through-the-hole 
under-cut  chemical  etch  and  d)  a  bridge 
under-cut.  etch  process. 
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An*lysis  of  composite  resonator  structures  by 
analytical  or  tvo-port  network  cascading  of  Mason 
models  and  transmission  lines  reveals  Interesting 
features  not  found  In  the  conventional  low  frequency 
single  plate  resonator. 

ror  a  simple  composite  structure  composed  of  a 
piezoelectric  film  and  single  sided  delay  line,  the 
electrical  port  impedance  is  given  by, 


Z  «  Cl/jtCT)[l 


X2  sin  0  (2  tan  0  »  s'  tan  0* 11  ... 
o  sin  o  t  cos  o  s*  tan  O'  j  IJ* 


where  »  low  frequency  capacitance  of  film 
6  «  kd,  phase  of  piezoelectric  film 

X2  -  stiffened  coupling  coefficient 
0-0/2 

x'  -  mechanical  impedance  ratio; 
filiVdelay-sectlon 

O'  -  phase  in  delay  section. 

the  delay  section,  membrane  or  substrate,  is 
assumed  to  be  attached  to  one  side  of  the  piezo¬ 
electric  film.  Using  (lb)  to  obtain  a  general 
definition  of  the  effective  coupling  coefficient,  the 
result  is 


K^2  »  Os/tanOs 


(4) 


where  Os  -  j  fs/fp. 

Here  fs  and  fp  are  the  resonant  frequencies  obtained 
by  theoretical  or  experimental  means.  When  applied 
to  (3)  or  experimental  results  the  effective  coupling 
coefficient  gives  a  useful  comparison  to  conventional 
resonators.  Likewise  (2)  Is  taken  as  the  definition 
of  Q  and  respective  resonant  frequencies  as 
previously  discussed. 


The  result  of  applying  (3)  and  (4)  to  the  case 
of  resonator  composites  is  shown  in  rig.  3.  Note 
that,  unlike  a  conventional  resonator  (zero  thickness 
ratio  for  rig.  3a)  the  composite  exhibits  both  even 
and  odd  order  resonances.  Peaks  in  the  effective 
coupling  coefficient  occur  when  the  phase  of  the 
sound  wave  derived  electric  potential  more  closely 
matches  the  applied  voltage.  The  slight  peak  in  the 
first  mode  near  zero  thickness  ratio  is  due  to  the 
same  effect  but  is  more  subtle  because  the  finite 
thickness  of  Si  “stretches"  the  phase  of  the  sound 
wave  so  that  the  more  linearly  varying  portion  of  the 
wave  cooes  closer  to  matching  the  applied  voltage 
which  is  of  course  linearly  varying  across  the 
piezoelectric. 

The  phase  matching  effect  on  X2  is  of  technical 
importance  because  it  allows  useful  coupling  at  high 
mode  numbers.  For  example,  the  third  mode  composite 
has  nearly  4  tines  the  coupling  coefficient  as  the 
n-3  conventional  resonator.  The  reason  is  that  the 
three  half  cycles  of  wave  in  the  conventional 
resonator  largely  averages  to  zero  when  multiplied  by 
the  applied  voltage's  linear  variation.  In  the 
composite  case  the  K2  reduction  is  instead  due  to  the 
more  rapid  shift  in  phase  with  frequency  due  to  the 
longer  propagation  path.  Resonators  having  mode 
numbers  in  excess  of  100  still  exhibit  a  useful 
inductive  impedance  response  around  the  X2  peaks, 
rig.  3b  shows  the  similar  properties  for  AllVSi 
composites. 


SI/AIN  Thick nett  rotlo 


rig.  3.  Effective  coupling  coefficient  of 
piezoelectric  film  on  Si  composite 
resonators  showing  even  and  odd  order  peaks 
in  piezoelectric  coupling  a)  for  ZnO  films, 
b)  for  MN  films. 


Impedance  responses  from  composite  resonators 
using  WN  as  the  piezoelectric  are  shown  In  rigs.  4 
and  5.  In  these  cases  the  resonators  were  energy 
trapped  as  evidenced  by  the  response  in  rig.  4.  In 
all  practical  resonators  the  electrode  area  is  finite 
and  therefore  the  wave  propagation  is  two 
dimensional,  ror  resonators,  as  employed  here,  the 
electrode  area  is  approximately  100  times  the 
thickness  and  evidence  of  weak  transverse  wave 
generation  is  shown.  The  transverse  waves  are 
generated  at  the  electrode  edges  where  the 
discontinuity  produces  an  uncompensated  transverse 
motion  via  the  Poisson  effect.  The  transverse  wave 
energy  thus  generated  may  propagate  away  from  the 
resonator  (un-trapped  and  lower  Q)  or  if  external 
propagation  is  cut-off  or  limited  in  the  plate  then 
the  energy  is  confined  to  the  electrode  area  and  is 
trapped  (high  Q  resonance). 

The  trapped  transverse  wave  components  generally 
exhibit  two  features.  First,  the  resonances  are  weak 
for  the  higher  transverse  mode  numbers  because  the 
displacement  currents  are  averaged  to  small  values  by 
the  electrodes  which  are  larger  than  the  wavelength 
of  the  transverse  wave.  (In  contrast  the  electrodes 
of  SAW  transducer  are  arranged  to  efficiently  excite 
transverse  waves.)  The  lowest  order  transverse  wave 
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shows  th«  largest  or  primary  resonance,  the  sub¬ 
sidiary  resonances  are  unequally  spaced  in  frequency 
ian-hatiwnic)  because  the  velocity  of  the  transverse 
wave  is  dispersive,  a  number  of  theoretical  studies 
of  energy  trapping  in  simple  TFR  structures  have  been 
reported. y 


individual  material  TC's  are  not  known  to  sufficient 
precision  to  allow  the  calculation  of  the  third  order 
composite  TC  curve  for  various  thickness  ratios. 


ftteurscr  tmu) 
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rig.  4.  Complex  Impedance  response  of  an  AlN 
composite  trapped  energy  resonator. 


Pig.  6.  Temperature  variation  of  Af/f  for  a 
composite  resonator. 
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rig.  5.  Cosplex  impedance  response  of  an  AlN 

composite  trapped  energy  resonator,  main 
resonance. 


When  energy  is  trapped  within  the  resonator 
structure  the  0  Is  high  as  shown  in  Fig.  5.  Here, 
and  expanded  portion  of  the  primary  resonance  of  a 
trapped  energy  resonator  (not  the  one  of  Fig.  4)  is 
shown,  the  lower  0  of  the  series  resonance  (Os«1500, 
Qp-5000)  is  due  to  the  series  resistance  of  the  metal 
trace  connecting  the  top  metal  electrode.  The  ripple 
on  the  curves  is  due  to  frequency  quantisation  in  the 
8505A  Network  Analyser  phase  locked  by  the  0662a 
frequency  synthesiser. 

In  the  composite  resonator  structure  temperature 
compensation  may  be  obtained  by  balancing  the 
positive  TC  of  p+  silicon  (8ppv‘,C)  against  the 
normally  negative  TC  of  the  piezoelectrics  for  shear 
waves  (-ZSppVC  for  AlN,  -itppn/'c  for  ZnO).*°» 

The  TC  response  for  one  AlN/Si  composite  resonator  is 
shown  in  Fig.  6  along  with  the  curve  for  AT  quarts. 
The  third  order  curve  will  be  different  for  different 
thickness  ratios  of  AlN  to  Si.  At  this  time  the 


Fig.  7.  Finite  difference  numerical  analysis  result 
for  the  case  of  a  two  dimensional  free  bar 
coeposite  resonator  of  znO/Si.  a)  the 
greatly  magnified  mesh  displacements,  b) 
the  electrical  impedance  normalised  by  the 
low  frequency  capacitative  reactance. 
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modeling  of  tcsonato t  performance  takes  tvo 
forms.  rtf st,  In  eases  of  large  dla»etcr-to- 
thlckncss  ratios,  one  dimensional  thickness  node 
analysis  using  rtason  aodels  and  transmission  line 
sections  is  adequate  if  it  can  account  for  sharp 
material  boundaries.  In  cases  where  the  resonator  is 
long  and  narrow,  such  as  in  the  monolithic  crystal 
filter,  a  two  dinensicnal  analysis  is  adequate. 
Preliminary  results  far  a  two  diocnstonal  numerical 
analysis  based  upon  a  finite  difference  forwjlatlon 
of  the  arbitrarily  anisotropic  inhomogeneous 
piesoelectrlc  boundary  value  problca1<s  is  shewn  in 
rig.  7.  This  formulation  is  in  the  process  of  being 
applied  to  nore  complex  structures  as  the  computer 
program  is  noved  to  a  mini-supercomputer  (SCS-40J. 

Summary  data  on  thin  film  resonator  materials 
used  to  date  are  given  in  Table  I.  These  results  are 
Crco  i&easufcd  data  on  plesoolectclc  filw;  In  racsbeano 
configurations.  Ttwre  is  an  obvious  need  to  pursue 
in  the  future  higher  quality  piesoelectrlc  materials 
such  as  LlNbOj  in  flln  fora  for  increased  device 
performance  once  optical  device  configurations  have 
been  determined. 
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Applications  of  tha  TTR 

Primary  applications  of  the  TfR  arc  as  feedback 
control  elements  in  oscillators,  as  resonator  and 
acoustic  coupling  elements  in  filters,  and  as 
transducers  in  a  wide  variety  of  sensors. 

Filters 

Three  general  classifications  of  bandpass 
filters  will  bo  discussed  here;  the  classical  ladder 
filter,  the  monolithic  crystal  filter,  (MCF),  and  the 
stocked  crystal  filter  (SCF)  as  implemented  by  TFft's. 

The  ladder  filter,  shown  in  Fig.  0,  uses 
resonators  os  loop  or  branch  coupling  elements  to 
control  the  frequency  response.  In  this  mode  the 
crystal  resonator  is  treated  as  a  "black  box"  having 
on  equivalent  circuit  often  given  by  the  BVD  model. 
Whereas  the  classic  ladder  has  only  pure  series  or 
parallel  resonator  branches,  the  crystal  resonator 
exhibits  both  branches,  nevertheless,  synthesis 
techniques  are  well  established. 

Implementation  of  the  ladder  using  the  TFR13  has 
some  potential  in  that  each  resonator  may  be 
optimized  and  because  there  is  a  possibility  for 
integration  of  resonators  onto  a  common  membrane. 
Drawbacks  might  be  large  chip  area  requirements  and 
parasitic  effects. 
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Fig.  0.  Schematic  of  ladder  filter  for  potential 
TFB  implementation. 

The  monolithic  crystal  filter.  Fig.  9,  is  well 
established  as  a  lew  frequency  lup  to  200  wiz)  device 
in  quartz,  UTaOj  and  to  a  lesser  extent  in  other 
materials.  Design  rules  for  shear  wave  plate  wave 
devices  are  well  established  even  for  mltlpole 
devices. 


MONOLITHIC  CRYSTAL  FILTER 


b) 


Fig.  9.  Classical  monolithic  crystal  filter 

employing  transverse  wave  coupling  of 
adjacent  closely  spaced  resonators. 


In  implementing  the  KCF  using  the  TFR 
technology,14  the  device  shows  great  promise  for  the 
following  reasons;  only  a  single  crystal  film  is 
required,  the  electrodes  required  are  well  within  the 
lithography  requirements  of  current  microwave  active 
device  fabrication,  and  high  device  performance  has 
been  exhibited  as  reported  here.  However,  design 
rules  have  not  been  established  because  the  Lamb/ 
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flexure  plate  wave  iwiturc  of  the  composite  is  rare 
difficult  to  predict  than  the  low  frequency  shear 
waves,  the  long  narrow  electrodes  may  present  some 
problem  with  resistance,  and  finite  feature  effects. 

Experimental  results  arc  shown  in  figs.  10-12 
for  a  variety  of  hCF  thin  fils  devices.  The  ZnO 
composite  MCF  in  Fig.  10  exhibits  a  modest  insertion 
loss  of  2.9dfl,  bandwidth  of  SftHs  and  center  frequency 
near  900KI:  in  a  50  oha  measuring  systea.  In  a  500 
ohm  environment  the  filter  response  shews  a  double 
peak  due  to  the  unloading  of  the  two  resonators  by 
the  increased  source  and  load  resistances. 
(Calibration  errors  account  for  the  slight  gain.) 
the  proper  resonator  acoustic  coupling  has  not  been 
obtained  in  this  device  for  the  50  oha  envlronacnt 
but  gives  some  idea  of  device  potential. 


Fig.  12.  Response  of  the  filter  in  Fig.  U  on  an 
expanded  scale  showing  effect  of 
temperature.  The  temperature  variation  is 
-28  ppq/*C. 

In  Fig.  11  is  shown  on  AIM  composite  resonator 
of  somewhat  higher  frequency  near  one  of  the  CPS 
channels.  Insertion  loss  Is  less  than  2.9dO  and  the 
bandwidth  is  approximately  15Klls.  The  temperature 
response  of  this  filter  Is  shown  in  Fig.  12 
Indicating  -20ppnyx*c  and  approximately  lSWIz  of 
usable  bandwidth. 


STACKED  CRYSTAL  FILTER 


Fig.  10.  Response  of  a  ZnO  composite  monolithic 

filter  composed  of  two  coupled  resonators. 
The  insertion  loss  is  less  than  2.9  dfl  and 
the  bandwidth  is  6  Mis  in  the  50  oha 
measuring  system.  In  a  500  oha  measuring 
system  the  resonators  become  under-loaded 
and  two  peaked  responses  near  zero  do  ore 
observed. 


Fig.  11.  Response  of  on  AlN  composite  monolithic 
filter.  The  insertion  loss  is  less  than 
2.9  dB  and  the  bandwidth  is  15  MHz. 
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Fig.  13.  Conceptual  drawing  of  a  stacked  crystal 
filter  composed  of  three  metal  electrodes 
(one  common  ground  plane}  and  two 
piezoelectric  films. 
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The  thin  film  stacked  crystal  £lltoc,  shown  In 
rig.  13,  Is  an  out-growth  o£  the  low  frequency  bulk 
wove  work  on  the  SCF  by  Ballato  and  Luxaszok. 15-20 
The  SCF  consists  of  two  tightly  coupled  piezoelectric 
resonators  separated  by  a  ccenon  ground  plane  with 
one  radiating  directly  Into  the  other.  From  one 
dimensional  Mason  models  an  equivalent  circuit  can  be 
derived  that  gives  accurate  results  near  center 
frequency.21 

From  the  standpoint  of  implementing  the  SCF  by 
the  TFR  process  some  features  should  be  noted.  The 
SCF  requires  two  high  quality  piezoelectric  films, 
one  grown  on  the  other  with  a  separating  ground 
plane.  At  microwave  frcqvncles,  this  musf  be  viewed 
as  a  5  layer  system;  3  metal  electrodes  and  2 
piezoelectric  films.  From  a  fabrication  standpoint, 
the  SCF  Is  the  most  complex  of  the  three  filter 
configurations  described.  However,  the  SCF  takes 
less  chip  area  because  of  Its  vertical  construction 
and  is  readily  adaptable  to  SO  ohm  system 
requirements. 

The  equivalent  circuit  for  the  SCF  near  the 
passband  frequencies  is  shown  In  Fig.  14  along  with  a 
suggested  circuit  symbol  for  the  device.  Series 
connection  of  the  SCF  results  In  an  Ideal  form  of  the 
ladder  filter  that  has  only  series  resonance 
branches. 


Fig.  14.  Symbolic  representations  and  near-in 

equivalent  circuit  for  a  stacked  crystal 
filter.  Series  connected  filters  implement 
ladder  filter  sections. 


Calculated  SCF  responses  using  Kasjn  modeling, 
are  shown  in  Fig.  15  for  1,  2,  and  3  sections 
connected  In  series  clccttlcally.  The  steep  near-ln 
skirt  selectively  is  duo  to  the  ground  plane  effect 
of  the  center  (totalization  which  electrically 
isolates  input  and  output  ports  for  frequencies  off 
resonance. 
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Fig.  15.  Theoretical  response  of  stacked  crystal 
filters  for  a  single  filter  and  series 
connected  filters. 


Experimental  results  for  an  AlN  composite  SCF 
are  shown  in  Fig.  16  having  an  insertion  loss  of  less 
than  1.9dB  In  a  50  ohm  system  and  less  than  ldB  in  an 
optimized  source  and  load  impedance.  A  bandwidth  of 
20  KHz  was  obtained  in  this  case. 


STROKED  CRYSTAL  FILTER 


Fig.  16.  Experimental  results  for  an  AlN  composite 
stacked  crystal  filter.  The  insertion  loss 
is  less  than  1.9  dB  in  a  50  ohm  system, 
less  than  1  dB  in  an  optimized  source  and 
load,  and  with  bandwidth  of  20  KHz. 


A  summary  of  TFR  filters  implemented  to  date  is 
shown  in  Table  XI.  In  the  future  improvements  in 
films  and  device  processing  should  yield  filters  with 
wider  bandwidths  and  insertion  losses  less  than  ldB 
for  both  the  KCF  and  SCF  configurations. 
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Table  11 
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Oscillators 

Resonators  ore  used  In  oscillator  circuits  to 
control  both  the  overage  frequency  and  line  width. 
Resonator  control  of  the  overage  frequency  depends  on 
the  resonator  controlled  feedback  circuit  phase 
characteristic  and  upon  temperature  and  aging 
effects.  The  resonator  controls  oscillator  line 
width  through  Its  steep  phase  response  os  determined 
by  device  Q.  As  the  instantaneous  phase  of  the 
amplifier  fluctuates  in  time  the  operating  point  for 
the  Darkhauscn  phase  condition  moves  along  the  phase 
line  for  the  feedback  clement  H.  Recent  high 
performance  oscillator  studles22,  23  have  shown 
evidence  that  the  acoustic  elements  may  contribute 
noise  os  well. 

Use  of  the  TFR  in  oscillator  control  has  been 
demonstrated  In  a  number  of  configurations. 24-26 

Dy  combining  TFR  and  microelectronics  tech¬ 
nology,  we  have  demonstrated  on  integrated  oscillator 
composed  of  a  2GHz  bipolar  transistor  and  TFR 
fabricated  at  the  HRC,  Fig.  17.  preliminary  noise 
measurements  indicate  better  than  -95  dBc/lIz  measured 
at  a  lKHz  offset. 


Materials  Processing 

Materials  processing  plays  a  key  role  in  the 
development  of  the  TFR  to  an  extent  as  large  or 
larger  than  that  of  device  physics  and  modeling.  In 
many  cases  the  devices  to  be  realised  are  relatively 
staple  in  concept  but  require  techniques  used  for  1C 
manufacturing.  In  addition,  some  specialised 
processes  have  been  developed  and  made  compatible 
with  IC  processing. 

The  choice  of  device  topology  or  configuration 
must  be  a  tradeoff  between  design  concept  and  what 
can  actually  be  realised  in  fabrication.  Many 
fundamental  and  practical  problems  remain  in  TFR 
materials  processing  in  areas  of  film  growth, 
patterning,  and  1C  process  compatibility. 

Film  Growth 

High  quality  plcsoclcctric  films  arc  the 
backbone  of  the  TFR  technology.  This  quality  is 
Qanerally  macroscoplcally  measured  by  the 
piezoelectric  coupling  coefficient,  K2,  and 
mechanical  loss  as  determined  by  Q.  For  filter 
applications  the  K2^)  product  is  a  composite  measure 
of  film  quality  since  the  resonator  series  loss  is 
given  by  R  -  X/lK^Q)  where  X  is  the  reactance  of  the 
geometrical  capacitance. 

Material  quality  must  be  considered  at  two 
levels.  First,  what  is  the  quality  of  the  single 
crystal  material  and  secondly,  how  well  is  that 
realised  in  film  form.  Clearly,  epitaxial  films 
would  be  the  most  desirable  in  approaching  bulk  film 
quality.  In  this  regard  it  is  Important  to  note  that 
films  produced  for  bulk-wave  transduction  or  for  SAW 
delay  lines  may  not  be  of  sufficient  quality.  A  low 
Q  film  os  satisfactorily  employed  in  a  transducer, 
having  a  low  device  loaded  0*  may  be  worthless  in  a 
resonator  where  the  device  Q  is  that  of  the  basic 
material.  Similarly,  SAW  transversal  filters  may 
ollow  insertion-loss/bandwidth  tradeoffs  that  could 
mask  poor  material  performance  unacceptable  in  low 
insertion  loss  TFR  bandpass  filters. 
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Fig.  17.  Thin  film  resonator  integrated  oscillator 
(TFRIO)  concept.  Noise  response  of  -95 
dBc/Hz  at  1  KHz  was  obtained  in  a 
preliminary  oscillator  running  near  300 
MHz. 
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In  the  work  reported  here,  piezoelectric  films 
of  2n0  and  Mi)  were  obtained  by  sputter  deposition 
using  planar  magnetron  systems  with  RF  or  dc 
excitation, 28"30  The  post  sensitive  material 
parameter  is  the  coupling  coefficient  K2.  since  x- 
rays  cannot  distinguish  between  ccntrosymmetrlc  and 
non-centrosymmetric  crystal  systems  the  net  plezo- 
electric  effect  must  be  measured,  usually  in  a 
resonator  configuration.  Excessively  twinned 
crystals  (c-axcs  oppositely  directed  among  tiw 
various  cystallitcs  or  domains)  average  the 
piezoelectricity  to  tero  yet  Q  may  still  be 
substantial  If  the  film  is  dense. 

Mthoogh  veil  controlled  sputtering  systems  can 
produce  usable  films,  it  would  certainly  be  desirable 
to  synthesise  epitaxial  films  by  other  techniques 
such  as  chemical  vapor  deposition,  molecular  bean 
epitaxy,  and  new  techniques  like  chemical  bean 
epitaxy. 

Patterning 

Resonator  based  devices  must  be  fabricated  such 
that  electrodes  and  reflecting  surfaces  are  provided 
during  the  processing.  Patterning  of  the  metal  elec¬ 
trodes  is  done  by  straight  forward  photolithography 
as  with  SAW  devices  and  iC's.  The  piezoelectric 
films  of  ZnO  may  be  etched  by  wet  chemicals  (IIC1  for 
example)  or  by  dry  plasaa  reactive  Ion  etching  (RIE) 
using  hydrogen  iodide,  Hi.3*  Aluminum  nitride  is  not 
easily  chemically  etched  and  is  a  highly  refractory 
material.  However,  in  thin  film  form  it  has  been 
etched  by  wet  chemicals  to  allow  resonator  top-side 
processing  in  GaAs.b  A  satisfactory  rie  process  that 
is  selective  to  MN  has  not  been  found. 

IC  Process  Compatibility 

M though  there  arc  many  applications  for  TFR 
based  devices  outside  of  the  IC  active  device  chip  It 
Is  still  useful  to  seek  those  device  fabrication 
processes  that  are  compatible  with  low  cost 
techniques  developed  for  the  IC  industry. 

Step-height  metolization  coverage  is  a  problem 
for  thick  (low  frequency)  films  on  IC  substrates  that 
itust  connect  to  the  substrate.  Also,  the  thick 
piezoelectric  must  not  cover  the  entire  wafer  and 
preclude  electrical  contact  to  other  devices.  Using 
film  etches  that  leave  a  tapered  edge  is  one  solution 
that  is  employed. 

Using  IC  processing  techniques  wo  have  been  able 
to  fabricate  2GHz  Si  bipolar  transistors  and  TFR's 
onto  common  substrates  to  demonstrate  an  integrated 
oscillator  running  near  30P«iz,27  note  complex 
circuits  and  processes  arc  now  under  development  with 
the  goal  of  obtaining  integrated  amplifiers,  filters, 
oscillators  and  other  system  components  on  a  common 
die. 


Systems  Integration 

A  difficulty  in  the  insertion  of  TFR's  into 
systems  is  the  fact  that  comparable  devices  are  not 
now  employed  and  therefore,  one-for-one  replacement 
possibilities  are  rare.  Crystal  resonators  are 
generally  low  frequency  and  systems  are  accordingly 
so  designed  even  though  operation  at  higher  fre¬ 
quencies  may  be  desirable.  As  the  feasibility  of  TFR 
devices  become  apparent  and  the  technology  more 
established,  applications  specific  IC's  (ASIC), 
employing  more  extensive  integration,  will  find 
increased  demand  and  a  new  design  methodology  will 
evolve  around  the  TFR  just  as  it  did  in  pact  for  SAW 
devices.  The  long  range  goal  will  be  to  obtain 
ASIC's  of  the  form  shown  in  Fig.  18  implying  a  mix  of 
the  new  TFR  technology  and  the  more  established  high 


frequency  IC  technology.  The  integrated  oscillator 
and  one  of  the  filters  discussed  in  this  paper 
represent  less  than  1/S00  the  area  of  the  die  shewn 
in  Fig.  10. 
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Fig.  18.  Systems  integration  of  TFR  and  active 

devices  to  implement  an  integrated  receiver 
as  a  schematic  example  of  an  applications 
specific  integrated  circuit.  An  integrated 
oscillator  and  TFR  filter,  as  reported  in 
this  paper,  would  occupy  less  than  1/500 
the  chip  area  shown. 


Prior  to  eventual  systems  inte;  at'en  it  will  be 
necessary  to  perfect  materials  processi..-  c-d  to 
conduct  further  benchmark  feasibility  stuu.  of  TFR 
devices  such  as  the  integrated  oscillator  and  the 
preliminary  bandpass  filters  described  in  this  paper. 

Summary 

This  paper  has  presented  an  overview  and 
progress  report  of  the  development  of  the  thin  film 
resonator  based  technology.  High  Q  trapped  energy 
resonators,  low  insertion  loss  filters,  and  an 
integrated  oscillator  have  been  demonstrated  and 
reported  in  this  paper.  The  future  of  the  TFR 
technology  appears  greatest  in  the  area  of  applica¬ 
tions  specific  IC's  as  applied  to  communications, 
telemetry,  sensors,  and  other  high  frequency  systems. 
The  technology  will  continue  to  develop  with  emphasis 
on  materials  processing,  device  physics  and  modeling, 
and  systems  integration  benchmark  studies. 
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Abstract 

Thin-fllm  bulk-accustlc-vavo  resonators  (TFR) 
synthesized  using  cither  ZnO  or  AlN  lot  piezoelectric 
transduction  have  been  used  as  tlie  basis  for  low 
insertion  loss  U1IF  and  L-band  bandpass  filters.  In 
this  paper,  we  report  the  design,  implementation,  and 
characterization  of  UHF  and  L-band  generalized  Pierce 
oscillators  using  two-pole  TFR  based  filter  config¬ 
urations  and  silicon  delay  lines  in  the  feedback 
circuit  as  a  precursor  study  to  direct  integration. 
Circuit  analysis  and  the  design  procedure  use 
discrete  element  models  implemented  with  SPICE  2G. 
Onset  of  oscillation  was  computed  using  the 
Garkhauscn  criteria  end  measured  data  for  both 
commercial  amplifier  modules  and  the  TFR  filters  and 
delay  lines.  Experimental  measurements  show  phase 
noise  performance  from  -90  dOe/Hz  to  -100  doc/Hz  at 
1  kHz  with  carrier  frequencies  of  1200  MHz. 


Introduction 

Win-film  bulk-acoustic  wave  resonator  (TFR) 
technology1/2/3  has  been  used  to  implement  high 
performance  fractional  bandwidth  filters  at  L-band. v5 
Wesc  filters  have  been  fabricated  using  both 
sputtered  AlN  and  ZnO  piezoelectric  films  with  either 
Si  or  semi-insulating  GaAs"  substrates.  Devices  are 
defined  by  selective  crystallographic-plane  chemical 
etching. 

We  TFR  has  also  been  used  os  the  frequency- 
control  clement  in  a  UHF  Pierce  hybrid  oscillator  in 
very  much  the  saiw  fashion  that  DAW  quartz  and  SAW 
dovicos  ore  used.7/8  Wls  sputtered  piezoelectric 
film  technology,  used  to  fabricate  the  TFH,  is 
directly  intcgrablc  with  active  devices,  such  as  the 
DJT,  on  semiconductor  substrates  yielding  in  this 
case,  on  integrated  oscillator,  but  also  applicable 
to  the  synthesis  of  a  variety  of  UHF  and  microwave 
circuits. 

In  this  paper,  we  describe  the  use  of  monolithic 
TFR  technology-based  filters  and  delay  lines  os  the 
froquoncy-ccntrol  clement  in  generalized  Pierce 
oscillators  operating  to  L-band.  We  gain  block 
consists  of  commercially  available  thin-film  hybrid 
DJT  amplifiers.  Design  and  analysis  of  oscillator 
performance  uses  linear  equivalent  circuits  for  both 
the  amplifier  and  filter  feedback  element.  We 
linear  filter  phase  characteristic  can  be  exploited 
to  provide  VCO  operation  by  adjusting  total  feedback 
network  phase.  Noise  performance  and  analysis  is 
also  presented. 

In  addition,  we  present  preliminary  data  for  a 
monolithic  oscillator  consisting  of  a  composite  ZnO 
TFR  integrated  on  the  same  silicon  substrate  with  a 
BJT  in  a  Pierce  configuration. 

Oscillator  Modeling 

We  general  representation  of  an  oscillator  and 
its  operating  conditions  are  shown  in  Fig.  1.  We 
amplifier  or  gain  element  is  represented  by  G  and  the 
feedback  element  by  H. 


Oscillation  occurs  under  the  well  knewn 
Darkhauscn  criteria 

|G|  |lt|  -  1  (la) 

$G  +  l||  "  0  lib) 

which  must  bo  satisfied  in  the  steady  state.  In  Fig. 
1(b)  the  phase  of  fl,  fy,  is  represented  hy  a  straight 
lino  near  the  operating  point  and  the  phase  of  G,  eg, 
by  a  band  of  uncertainty  caused  by  noise 
fluctuations.  Since  is  a  function  of  frequency 
and  tg  is  a  function  of  time  hi  must  also  bo  a 
function  of  time  ns  suggested  try, 

*g(t)  +  4||(f(t))-0  (2) 

The  implication  is  that  frequency  is  a  function  of 
time,  and  gives  rise  to  the  well  known  finite 
oscillator  line  width.  Low  noise  is  achieved  by  a 
steep  versus  frequency  characteristic  such  that 
operating  point  on  is  more  narrowly  confined  in 
frequency. 

We  single-sideband  phase-noise  in  dCe/lL  con  be 
described  by9 


fsb 

Pc 


10  log 


N2 


r  o  GFkT  o 
PcHnV  <dn 


(3) 


where  P-k  »  single-sideband  noise  power  in  a  1-llz 
bandwidth 

Pc  -  amplifier  carrier  power  output  level 
N  »  frequency  multiplication  factor  which  for 
these  oscillators  is  1 
G  -  magnitude  of  the  amplifier  gain, 

approximately  equal  to  the  feedback 
network  insertion  loss 
F  ■  amplifier  noise  figuiu 
%  -  2nfm  «  Fourier  modulation  frequency, 
frequency  offset 

from  carrier  frequency  ,, 

kT  -  (1.38xl0-23  J/'KjOOO'KM.UxlO"21 
Joules»4.14xl0'21  watts/Hz 
a  -  flicker  noise  constant  in  sec-1 

1  d*i,  Q 

r  »  group  delay  phase  slope  »  -jjr  »  where 

is  the  open  loop  phase  and  Q  is  the  loaded  Q 
of  the  feedback  element. 

Operation  of  an  oscillator  as  a  VCO  for  TCXO  or 
other  applications  requires  that  the  feedback  path  be 
altered  so  that  an  additional  phase  shift  element  can 
be  identified  or  that  (or  less  likely  4g»  can  be 
changed.  Wis  corresponds  to  sliding  $jj  in  frequency 
in  Fig.  1(b).  For  low  noise  operation  must  change 
to  a  different  operating  point  without  changing  the 
slope,  dfy  /Of.  In  simple  resonator  feedback  circuits 
the  resonator  can  be  pulled  but  unfortunately  the 
resonator  phase  slope,  (Q),  is  a  rapid  function  of 
frequency  and  consequently  noise  performance  can 
degrade. 
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Bandpass  filters  and  delay  lines  with  external 
phase  shifters  can  be  used  to  provide  VCO  action 
while  maintaining  low  phase  noise  over  limited 
frequency  ranges.  The  purpose  of  the  work  reported 
here  was  to  examine  those  delay-lino  and  filter 
configurations  that  could  be  implemented  in  a  total 
integration  with  active  devices. 


(al 


*G  +  ♦«  "  0 

Feedback  Oscillator  Where  C  is  the  Cain 
Element  and  ll  is  the  TFR  cased  Filter 
Feedback  Element 


(b)  Phase  Relationships 
Fig.  1  Gcnoral  Oscillator  Noise  Concept 


HCF  Oscillator  Experimental  Results 

A  two-pole  ZnO  monolithic  filter  with  the 
amplitude  characteristic  given  in  Fig.  2,  was  used  as 
the  feedback  clement  across  a  Hewlett  Packard  HAMP- 
1002  UJT  thin-filn  hybrid  amplifier,  Fig.  3.  A 
variable  phase  shifter  was  utilised  in  the  feedback 
loop  to  obtain  frequency  shift  versus  phase  delay 
data.  A  buffer  amplifier  was  used  to  isolate  the 
oscillator  from  the  instrumentation.  A  battery  was 
used  for  the  oscillator  dc  supply  to  reduce  n  x  60  He 
noise. 


Fig.  3  Basic  Oscillator  Test  Configuration 


The  hamp-1002,  Fig.  4(a),  uses  internal  thln- 
film  resistors  for  a  negative  feedback  circuit  around 
a  Darlington  pair  fabricated  from  IKTR-7011  fanily 
UJTs.  The  two-port  linear  model.  Fig.  4(b)  was  used 
to  synthesise  the  Sji  phase  and  magnitude 
characteristics  os  shown  in  Fig.  5.  Essentially  the 
llAHP-1002  was  treated  os  a  uniform  10  do  gain  block 
with  a  linear  phase  characteristic  for  design 
considerations.  It  is  also  possible  to  model  these 
terminal  characteristics  by  incorporating  each  of  the 
passive  and  active  circuit  elements  in  a  SPICE 
simulation. 


(a)  llAHP-1002  BJT  Amplifier 


(b)  Equivalent  Circuit  Used  for  SPICE  Model 

Fig.  4  HAMP-1002  Amplifier  and  Two-Port  Linear 

Model  Used  for  SPICE  2G  Simulation 


Fig.  2  Amplitude  Insertion  Loss  Characteristics  for 
the  Candidate  1135  MHz  HCF 
Marker  -4.9  dB  IL.  Total  Sweep  100  MHz 
Total  Vertical  Scale  of  45  dB 
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Fig.  5  HAMP-1002  Amplifier  SPICE  Modal 

Characterization  Using  Circuit  Parameters 
from  rig.  <(b| 


,™®fc  5f?  a  vfXl?fy  o£  ways  to  nodal  a  two-pole 
monolithic  filter. The  best  natch  to  the  ^ 
bandpass  magnitude  and  phase  characteristics  of  the 
candidate  filter  was  provided  by  the  two  scrlos- 
t£?0!w?t  arms  three  shunt  coupling  capacitors 
which  Is  equivalent  to  a  n-conncction  of  three 
identical  half-sections,  Fig.  6(a).  The  model 
element  values  for  this  candidate  filter  were 
determined  using  standard  formulae*2  along  with 
measured  two-port  data.  Fig.  6(b)  illustrates  the 
resultant  MCF  model  insertion  loss  and  phase 
response. 


Using  the  HAMP  1002  model,  Fig.  <1  and  the  MCF 
model,  Fig.  6,  a  closed-loop  phase  and  gain 
simulation  was  obtained,  Fig.  7,  by  including  a 
variable-frequency  voltage  generator  in  sctles  with 
the  loep.  Ke  observe  that  at  the  frequency  predicted 
for  the  onset  of  oscillation  the  loop  phase  shift  is 
0°  and  the  loop  gain  exceeds  unity. 


q  -  18.26832  fF  Lm  lpH 
C2  “  1.2652890  pF  r  »  5Q 


(a)  2-pole  KCF  Model  Used  for  SPICE 


Fig.  6  Model  and  SPICE  Simulation  for  the  KCF 

Characteristics  Measured  as  shown  In  Fig.  2. 
Used  for  the  Oscillator  Feedback  Element. 


fMH  <fe«t 


Fig.  7  Closed  Loop  Phase  and  Cain  Simulation  of  the 
HAMP-1002  and  the  MCF  in  the  Feedback  Loop 
Oscillatory  Behavior  Predicted  Micro  Eqns. 
(la)  and  (lb)  arc  Satisfied 


Hie  measured  open-loop  gain  and  phase 
characteristic  for  on  KCF  controlled  oscillator  is 
shown  in  Fig.  8.  Using  the  center  set  of  markets  we 
see  the  frequency  of  oscillation  occurs  at  1185  Mils 
whore  there  is  a  gain  margin  of  1.6  dB.  The  Bark- 
hausen  criteria  of  |g|  |ll|  >  0  and  4C  +  -  0*  are 

satisfied.  We  can  use  the  measured  phase  slope  of 
23°/MUe  corresponding  to  t  ■  64  nsec  in  estimating 
the  phase  noise  performance  front  Eqn.  (3).  Using 
both  the  measured  and  published  specifications  for 
the  HAMP  1002  where  N  -  1,  F  -  5.1  dB  -  3.23,  Jg|  -  9 
db  »  7.94,  and  P0  -  10.5d3n  »  11.22  nH;  we  estimate 
the  noise  performance  using  Eqn.  (3)  at  about 
-90  dBc/Hz  at  f™  »  1  kHz.  This  phase  noise  perfor¬ 
mance  is  shown  in  Fig.  9.  The  1/f*  slope  is  to  be 
expected  in  this  frequency  regime  by  considering  the 
first  term  in  Eqn.  (3)  to  be  dominant  with  a  curve 
fit  value  for  the  flicker  noise  constant  of  o  -  10"*2 
sec"*  which  is  a  reasonable  value  for  the  system. 
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The  -130  (Cecils  pedestal  to  500  Kits  is  an  artifact  o£ 
using  the  Ilf  8662A  frequency  synthesiser  in  the  KTH 
node,  The  measured  noise  floor  far  our  IIP  8562A  in 
OCrn  at  1  kits  is  -liO  dBcdlr  with  a  L f3  charac¬ 
teristic  to  20  Kits.  Additional  close-in  phase  noise 
measurements  will  requite  the  use  e£  the  EfC  phase- 
lock  function  or  the  use  of  a  delay  line  functioning 
as  a  discriminator. 

Because  of  the  linear  MCF  phase  characteristic) 
we  obtained  stable  oscillator  output  with  -90  dooi: 
at  1  Kits  noise  performance  at  any  frequency  along  the 
passband,  rig.  e,  where  JO|  |ll|  2  0  da  by  adjusting 
the  variable  phase  shifter  to  compensate  for  MCF 
phase-shift  and  thus  satisfy  the  clesed-leotj 
oarkhausen  phase  condition,  tar  this  example,  we 
operated  anywhere  from  about  1100  to  1190  Mis  in 
agreement  with  the  predicted  linear  circuit  SPICE 
simulations. 


(a)  Amplitude  Characteristic 
Marker  rreg  (Mils) 
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1185 

1193 


Gain  (da) 

-1.1 
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-1.1 


(b)  Phase  Characteristic 
Barker  Freg  (MHz) 
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1185 
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Phase  (deg) 

+171 
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Fig.  8  HAMP-1002  in  Cascade  with  an  MCF-Keasured 

Amplitude  and  Phase  Characteristics 


Fig.  9  Noise  Spectrum  of  an  1185  Mils  BCF-Controllcd 
Oscillator.  Noise  Performance  Agrees  with 
Theoretical  Predictions  Suggested  by  Eqn.  (31 


t>e  1  1  n«»_05c  i  1  la  to  c_  r  i  r»en  t  a  l_Reaultss 

Delay  line  feedback  oscillators  usually  have 
sufficiently  large  delay  that  the  phase  condition 
Eqn.  (lb)  is  modified  to  its  equivalent. 

♦jl  +  *C  «  n2a  ,  n  -  0,1,2)...  ('ll 

♦ll  "  ♦  *o  ^cre  *5» 

♦6  »  phase  shifter  phase  delay 
♦o  «  delay  line  phase  ■  2r£tj 
ty  m  time  delay. 

Nov  the  phase  condition  becomes 

2nfnxy  +  *s  +  $g  «  n2n  (6i 

where  fn  denotes  an  average  frequency  satisfying  the 
oscillation  condition.  The  separation  between 
allowed  frequencies  is  given  by 


afn  «  af 


fl*sn  +  fl*Cn 
2n 


(7) 


where  af  «  1/th 
>»s 

^♦sn  "  fifn 
a^Gn  "  j£  &*!)’ 

If  the  phase  shifter  and  amplifier  arc  dispcrsionlcss 
then 


afn  »  af  ■  1/ty 

and  the  allowed  frequencies  are  equally  spaced  and 
given  by, 

^n 

fn  -  (n  -  jjj)  af  and 
^n  "  ^sn  +  ^Gn 

When  the  phase  external  to  the  delay  line,  *s  a 
multiple  of  2n  then  f«  is  an  integral  multiple  of  af. 
Ideally  $n  should  be  independent  of  n  (or  frequency). 

Most  delay  lines  have  an  operating  bandwidth 
much  larger  than  af  and  sufficiently  flat  so  that 
more  than  one  frequency  fn  will  meet  the  tine  average 
amplitude  condition  Eqn.  (la). 
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Delay  lines  in  silicon  substrates  using  both  ZnO 
and  AlN  lor  piezoelectric  transduction  were  utilised 
as  the  feedback  element  in  an  oscillator.  The  delay 
line  lb  retired  using  an  Aventek  Model  AWP-0G0T 
rather  than  the  MAKP  1002  to  provide  higher  forward 

fain.  Delays  of  r  »  0.33  //sec  yielded  both  single 
ine  end  comb  oscillator  outputs  depending  upon  the 
amount  of  additional  phase  shift  incorporated  in  the 
feedback  loop,  for  t  »  0.33  //sec,  a  of  «  3  MU  comb 
at  frequencies  between  150  and  050  MU  was  obtained. 
Typical  spectral  output  for  a  silicon  delay  line  with 
ZnO  piesoelcetcic  transduction  ccntctcd  at  735  MU  is 
shown  in  rig.  10.  in  addition  as  predicted  by  Eqn. 
(61.  the  entire  comb  speetrum  could  be  shifted  in 
frequency  by  using  the  variable  phase  shifter  in 
cascade  with  the  delay  line.  Noise  performance  of 
individual  spectral  lines  was  measured  to  be  about 
-95  davits  at  1  kiu,  however,  theoretical  predictions 
suggest  that  the  IIP  0662A  DCfM  noise  floor  was 
obscuring  the  actual  results.  More  work  is  required 
in  this  area. 


(a)  fr  ••  705  MU  with  At  »  3  MU.  Decreasing 
Amplitude  Reflects  the  Duffer  Amplifier 
Frequency  Response 


(b)  Af  -  3  MU  Expanded  Spectrum  Plot,  Full 
Scale  50  dB 


Fig.  10  silicon  Delay  Line  Oscillator  Comb  Generator 
Spectrum  Output  ZnO  Piezoelectric 
Transduction 


Monolithic  Oscillator  Cimnts 

A  ZnO  composite  tfr  lias  been  mcivlitJura'ly 
fabricated  with  a  double-dif fused  OJT  on  a  silicon 
substrate  in  a  Pierce  oscillation  configuration 
operating  at  257  MU.13  This  concept  is  illustrated 
In  Fig.  11.  Ttils  work  addressed  the  critical  issues 
of  selective-area  h i gh- concent r a 1 1 on  p*  diffusions 
(of  pcabcano  formation  and  the  patterning  of  the 
resonator  structure  in  a  manner  which  allows 
connection  of  the  TFR  electrodes  to  the  transistor 
circuit,  in  addition,  the  processing  for  the  TFR 
must  preserve  the  material  quality  of  the  silicon  in 
areas  to  he  used  for  active  device  structures.  The 
successful  fabrication  of  this  monolithic  oscillator 
circuit  suggests  the  feasibility  of  integrating  the 
circuits  discussed  in  this  paper. 


Bcjsar 


Fig.  11  Integrated  Oscillator  Concept  Using  a  TFR 
and  Active  Device  in  a  Semiconductor 
Substrate 

Conclusions  and  Directions  of  fUtureJvsrk 

A  series  of  l^band  oscillators  using  the  KCF  and 
delay  line  in  the  feedback  loop  wore  demonstrated. 

The  KCF  and  delay  lines  are  based  upon  TFR  and 
piezoelectric  thln-flim  technology  with  sputtered  ZnO 
and  AlN.  Onset  of  oscillation  and  phase  performance 
were  modeled  using  a  linear  SPICE  2G  simulation. 

Work  continues  in  the  development  of  integrating 
both  the  TFR-bascd  filter  and  signal-processing 
elements  along  with  the  active  devices  and  other 
passive  elements  for  oscillators  and  other 
applications.  The  development  and  demonstration  of  a 
monolithic  low-noise  Pierce  oscillator  using  a 
complete  ZnO  TFR  demonstrates  the  potential  of  this 
technology.  Development  of  these  filters  in  hybrid 
circuit  configurations  as  well  as  stand  alone  circuit 
elements  will  be  continued  in  parallel  with  the 
monolithic  work.  Me  envision  exploiting  this  RFLSI 
technology  in  communications  systems  and  signal 
processing.  Concomitant  with  this  is  the  continued 
improvement  in  thin-film  quality  <ind  compatible 
processing  technology.  Considerable  progress  needs 
to  bo  made  in  modeling  of  the  filter  and  oscillator 
with  particular  emphasis  on  non-linear  behavior  and 
anharmonic  mode  analysis. 
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The  Influence  of  the  transducer  structure  on  the 
loaded  Q  value  and  noise  performance  of  high 
overtone  bulk  acoustic  resonators  (IIDARs)  Is  being 
investigated.  This  Investigation  has  turned,  in 
part,  to  the  fabrication  of  piezoelectric  shear  mode 
transducers  which  are  used  to  excite 
nonpiezoelectric  substrates  such  as  spinel 
(XgAljO*)  to  ovortone  resonance.  Spinel  and 
Lithium  Tantalato  (LlTaOj)  are  among  the  promising 
substrate  candidates  exhibiting  very  low  propagation 
loss  (High  Q)  and  temperature  stable  resonance 
respectively.  Throe  approaches  with  a  number  of 
Innovations  for  each  approach  are  being  examined  for 
optimum  shear  mode  transducer  performance.  The 
first  approach  uses  vacuum  compression  bonded 
lithium  niobato  on  spinel  substrates.  This  provides 
a  transducer  structure  which  Is  fundamentally 
different  -.han  that  provided  by  RF  sputtering  of 
zinc  oxlje  It  Is  because  of  thla  that  different 
wilso  generating  mechanlsns  are  expected  from  tho 
two  transducer  typos. 

Two  different  approaches  to  the  sputtering  of 
shear  modo  2n0  transducers,  to  provide  different 
film  growth  conditions,  havo  been  undertaken.  The 
effect  on  resonator  noise  performance,  If  any, 
between  these  two  ZnO  resonator  types  are  to  be 
evaluated.  The  first  RF  sputtering  teehnlquo 
employs  a  diode  system  with  on  Independent 
(Incoherent)  RF  biasing  of  the  substrata.  The 
effect  of  this  biasing  on  film  growth  will  be 
discussed.  The  second  technique  uses  a  magnetron 
sputtering  system  with  D.C.  substrate  biasing.  Bath 
systems  have  yielded  ZnO  shear  mode  transducers 
suitable  for  11  BAR  use.  Tho  RF  diode  technique  Is 
the  most  useful  so  far  In  that  It  has  provided  films 
which  transduce  shear  modo  waves  with  no 
longitudinal  component  which  can  bo  measured. 

INTRODUCTION 

The  sources  of  resonator  noise  are  becoming  on 
Important  topic  os  tho  effort  to  reduce  oscillator 
nolso  Increases.  Figure  1  shows  the  phase  noise 
performance  of  an  HBAR  (High- overtone  Bulk  Acoustic 
Resonator)  fundamental  oscillator  operating  at  640 
HHz.  Shown  for  comparison  Is  the  performance  of  an 
80  HHz  SC  CUT  quartz  crystal  oscillator  with  X8 
multiplication  and  with  a  SAU  filter.  The  hae.-y 
dashed  line  assumes  a  noiseless  HBAR  and  is  tho  goal 
of  on-golng  efforts  such  as  the  present  one.  Fur 
frequencies  noor  tho  carrier  tho  principal 
determinant  of  the  noise  is  tho  loaded  Q  value  of 
tho  resonator. 


*  This  effort  was  sponsored  in  part  b.f  tho 
Electro-magnetic  Directorate,  Rome  Air 
Development  Centor,  Air  Force  Systems  Command, 
Hanscom  Air  Force  Base,  HA  under  Contract 
F-19628-84-C-0099. 
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Phase  Noise  (M/H0 


Otlset  Frequency  (Ht) 


Figuro  1.  Calculated  Noise  Performance  of  Various 
Oscillators.  Measured  B0  HHz  SC  Cut 
Resonator  Performance  Shown  for  Compar¬ 
ison. 


Hence  one  objective  of  Uils  effort  la  to  find  tho 
means  of  producing  tho  highest  Q.  Another  Important 
objective  Is  to  Identify  the  nolso  sources  in  tho 
resonator  Itself.  The  prlmo  suspect  In  this  sotrch 
Is  tho  transducer.  This  assertion  Is  substantiated 
in  part  by  a  widely  varying  nolso  performance  for 
HUARs  fabricated  from  tho  same  substrate  with 
presumed  identical  processing.  To  reach  tho  first 
objective,  l.o.  high  Q,  we  are  using  shear  mode 
transducers  on  low  loss  substrates.  To  oxplore  the 
Influonco  of  the  transducer  on  nolso  wo  are 
examining  tho  offocts  of  shear  modo  transducers  made 
In  different  ways.  Figure  2  highlights  one  mothod 
of  providing  shoar  transducers  In  an  HBAR 
configuration  shown  at  tho  upper  loft.  This  mothod 
uses  tilted  fiber  growth  in  the  ZnO  film.  At  40* 
tilt  with  rospoct  to  s  normal  oloctrlc  field 
produced  by  parsllol  plate  electrodes  provides  a 
bulk  shear  wave.  At  the  lower  loft  In  this  figuro 
is  a  short  list  of  HBAR  substrata  materials.  This 
list  is  accompanied  by  ratios  showing  tho  shoar  modo 
to  congressional  modo  propagation  loss.  For  spinal 
the  anticipated  Increase  in  Q  is  4  timos  that  over  a 
cemprcssional  modo  resonator.  Tho  incroaso  In  Q  for 
YIC  (Yttrium  Iron  Garnet)  Is  also  substantial. 

VIC  has  boon  shown  to  provide  magnetically 
tunable  HBARs  for  filter  applications. 3  There  ore 
a  number  of  dlfforcnt  methods  of  making  ZnO 
transducer  films  which  produce  shear  waves.  These 
are  discussed  in  a  subsequent  section.  Another 
approach  employs  vacuum  compression  bonded  lithium 
niobato  plates  on  substrates  such  as  spinel. 
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SHEAR  MODE 


Figure  2.  Tilled  ZnO  (11m  fiber  growth 
produces  a  abear  bulk  node 
transducer.  Increase  In  Q  Is  tbs 
Inverse  of  loss  ratios  for  the 
resonator  Materials  listed. 


A  cospleto  description  of  single  crystal  lithium 
nlobate  plate  transducers  Is  given  In  Reference  A. 

In  this  section,  we  describe  current  results  which 
are  an  extension  of  this  technique.  Figure  3  shows 
the  polishing  jig  used  to  reduce  the  thickness  of  a 
bonded  transducer  to  substrates  such  as  spinel.  A 
flat  even  plate  surface  with  respect  to  the 
subslrato  Is  obtained  by  using  lithium  tantalate 
stand-offs  as  shown  around  the  fixture.  Figure  A  la 
a  close-up  of  the  bonded  plate  after  polishing  to 
about  0.5  micron  thickness.  Figure  5  shows  the 
final  thinning  stop  with  the  average  transducer 
thickness  of  about  3000  angstroms.  The  plate  Is 
then  segmented  Into  transducer  areas. 


Figure  3.  Polishing  Fixture  for  Thinning 
LlHb03  Plato  Transducers. 


Figure  A.  Thinned,  Bonded  Lithium  Nlobato 
Transducer  Ready  for  Plasma 
Etching  Step. 


Figure  S.  Plasma  Etched  Lithium  Nlobate 
Transducer  Thickness  Is  about 
3,000  Angstroms. 


SHEAR  HOOK  FILM  TRANSDUCERS 

Modification  of  existing  tochnlquus  and 
equipment  is  necossary  for  tho  fabrication  of  shoar 
modo  producing  ZnO  films”*).  two  sputtering 
techniques  aro  being  employed,  modified  RF  diode 
and  O.C.  biasod  magnetron  sputlorlng.  The  basic  RF 
diode  system  is  shown  in  Figure  6  and  the  magnetron 
system  Is  a  CVC  601  system  with  vacuum  load  lock. 

To  tho  right  In  Flguro  6  Is  tho  ZnO  target 
surrounded  by  e  liquid  nitrogen  cooled  coil  (Moisnor 
trap).  Wo  uso  a  sputter  up  configuration.  To  the 
left  in  the  figure  is  the  substrate  platform  which, 
in  the  vacuum  system,  is  held  over  tho  ZnO  targot. 
The  substrate  is  positioned  off  center  near  tho  tdgo 
of  the  ZnO  target  so  that  a  45*  angle  is  subtended 
to  tho  center  of  the  target.  Independent  Rf  powor 
supplies  aro  used  to  power  the  target  and  to  bla.; 
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the  substrate,  'j  date.  encouraging  results  have  h*«n 
obtained  using  the  RF  diode  system,  tow  Insertion 
loss  transducers  (IS  dB  at  resonance)  have  been 
fabricated  on  YIC  and  YAC  (yttrium  iron  and  yttrium 
aluminum  garnet),  lithium  tantalate  and  spinel 
(MgAljOy).  Transduction  tests  on  all  these 
substrates  show  good  shear  node  conversion  with  no 
longitudinal  mode  component.  Resonators  for  noise 
tests  and  Q  measurements  are  being  fabricated  on 
<111>  and<100>  spinel.  The  magnetron  system  is 
currently  undergoing  further  modifications. 


Figure  6.  RF  diode  sputtering  system  with 
substrate  fixture  to  the  left. 

This  fixture  is  suspended  above  the 
2n0  target  off  center  in  the  vacuum 
system. 


Kpjasjgss 

Noise  generation  mechanisms  such  as  strain 
relaxation,  generation  -  recombination  and  ion 
migration  are  expected  to  be  different  for  flima 
fabricated  in  different  ways.  Trends  in  the  noise 
data  duo  to  different  processing  techniques  are 
being  evaluated.  Figure  7  is  an  example  of  a  set  of 
noise  data  for  longitudinal  mode  NBAR.  The  nunber 
on  each  bar  indicates  the  population  associated  with 
the  nolso  interval  indicated.  All  the  resonators 
were  fabricated  with  identical  batch  fabrication 
techniques.  The  phase  noise  indicated  was  measured 
in  a  ono  cycle  bandwidth  100  ll£  away  from  the 
carrier.  The  nearly  20  dB  spread  remains 
unexplained. 


1275  MHz 


.127  .12*  -131  -133  -135  *137  -131  *141  .143 
.131  .130  -153  -134  -13A  .131  -140  -143  *144 

dBc/Hz 


Figure  7  Phase  noise  distribution  for  batch 
processed  HBARs.  Frequency  range 
of  noise  measurements  is  1270  « 
1279  Nils. 


ACENQWlKpCKMRNTS 

The  authors  wish  to  acknowledge  the  fabrication 
skills  of  Jack  Conroy,  Don  Watt  and  Stan  Pleseckl. 
They  also  value  the  guidance  of  K.  Driscoll  and  K. 
Jelcn  of  tha  Westlnghouse  Defense  and  Electronics 
Center. 


tmWR S£ 


1.  F.  A.  Cerber,  et.  at,,  “Advances  in 
Microwave  Acoustic  Frequency  Sources. “  IEEE  - 
Trans,  on  Microwave  Theory  and  Techniques,  Vol. 
MTT-34,  No.  \0  p.  1002,  OCT  1986. 

2.  S.  V.  Krlehnaswaay,  et.  al.,  “Oriented  ZnO 
films  for  Microwave  Shear  Mode  Transducers,** 

1982  Ultrasonics  Symposium  Proceedings,  IEEE 
Cat.  No.  82011823-4,  p.  476. 

3.  J.  D.  Adam,  et.  al.,  “Magnetically  Tunable 
High  Overtone  Microwave  Resonators, “  40th  Annual 
Frequency  Control  Symposium,  May  1986. 

4.  X.  Tursk,  et.  al,  "Properties  of  an  X-eut 
Single  Crystal  Lithium  Niobate  Transducer,  IEEE 
Trans,  on  Sonlcs  and  Ultrasonics,  Vol.  SU-22, 

No.  6,  p.  402,  Nov.  1975. 


390 


41st  Annual  Frequency  Control  Symposium  -  19iP 
ANALYSIS  AND  DESIGN  OF  THE  PIEZOELECTRIC  CERAMIC  RESONATOR  OSCILLATORS 

Satoru  Fujishlma,  Kazuya  Togawa,  and  Satoshi  Ohta 
Murata  Mfg.  Co.,  Ltd. 

2-26-10,  Tenjln,  Nogneknkyo-shl,  Kyoto,  Japan 


Summary 


Ko  have  analysed  oscillation  stability  using 
gain-phase  characteristics  in  the  open-loop 
eircuit  and  verified  this  corresponds  fairly 
to  the  behavior  in  actual  closed  loop 
circuit. 

In  order  to  analyse  oscillation  stability 
theoretically,  wo  have  sinulatcd  the  gain- 
phase  characteristics  in  the  open-loop 
circuit  on  computer. 

Dy  this  sinulation,  we  can  evaluate 
oscillation  stability  for  the  parameters  of 
ceramic  resonators  and  inverters,  for  which 
we  could  not  evaluate  experimentally. 

Furthermore,  we  have  analyzed  rise  time  of 
ceramic  resonator  oscillator  by  the  transient 
theory  comparing  with  crystal  resonator  f««h««i<  Nciwoik 

oscillator. 


Tcamlei  Function  «t! 

Pliaw  ■  a, 

Amplifier 


Gain»o 

Pliaw  "  0, 

Fig.1  Generic  feedback  oscillator  circuit 


Introduction 


Piezoelectric  ceramic  resonators  have  been 
widely  used  for  microprocessor  IC  in  clock 
oscillator  in  place  of  quartz  crystal 
resonators. 

Small  configuration  and  fast  rise  time  ore 
main  merits  of  piezoelectric  ceramic 
resonators  comparing  to  quartz  crystal 
resonators.  However,  there  have  been  many 
unknown  matters  for  designing  the 
piezoelectric  ceramic  resonator  oscillators. 

This  report  serves  a  dual  purpose  that  is  to 
design  piezoelectric  ceramic  resonators  for 
microprocessor  IC  in  clock  oscillator  circuit 
with  theoretical  evaluation  to  ensure  its 
pcrformace  and  stability,  and  to  support 
clock  oscillator  circuit  design  of 
microprocessor  IC. 

Oscillation  Stability 


Oscillator  satbility  is  analyzed  by  examining 
the  loop  gain  and  phase  shift. 

Figure  1  shows  a  generic  feedback  oscillator. 
The  circuit  will  oscilatc  when 


(I) 

Loop  Gain  : 

u  X  fl  Z  | 

INV  : 

inverter 

(II) 

Phase  Shift  : 

+  B,  =  3  CO*  X  n 

Rf  : 

Feedback  Resistor 

( n  =  1 .  2.  .  .  .  ) 

X  : 

Resonator 

Figure  2  is  a  typical  CMOS-inverter  CL1,  CL2  :  Load  Capacitor 
oscillator  with  a  ceramic  resonator.  In  order 

to  analyze  the  oscillator  stability,  we  opend  Fig. 2  Typical  oscillator  circuit 
the  circuit  at  a  connecting  terminal @  in  w'th  CMOS  inverter 
Figure  2. 
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Fig. 3  Open  loop  oscillator  circuit  to  obtain  gain-phaso  characteristic 


Figure  3  shows  the  total  network  Including 
input  and  output  inpcdanco  of  measurement 
equipment  to  measure  loop  gain  and  phase 
shift 

We  can  evaluate  tho  stability  of  oscillation 
using  this  loop  gain  at  the  oscillating 
frequency. 

Then,  we  consider  simulation  analysis  for  the 
loop  gain. 

Theoretical  Analysis  for  Caln-Phnso 
Characteristics 

To  compute  the  gain-phase  characteristics,  wo 
need  equivalent  circuit  of  the  ceramic 
resonator  and  tho  inverter. 

Tho  ceramic  resonator’s  equivalent  circuit  is 
shown  in  Figure  4  which  is  the  some 
configuration  os  the  quart:  crystal 
resonator.  (1) 


Tho  typical  schematic  of  CMOS  invertor  is 
shown  in  Figure  5.  A a  P-channel  and  N-ehannel 
FET  in  CMOS  inverter  are  nearly  symmetrical 
to  each  other,  this  schematic  can  be 
tran3forcd  to  one  source  model.  And  since  MOS 
FETs  are  transconductonco  device,  the 
simplest  model  is  a  voltage-controlled- 
currcnt  source. 

Thi3  is  shown  in  Figure  6.  (2) 

We  can  calculate  tho  gain-phase 
characteristics  of  the  open  loop  circuit 
using  transmission  parameters. 


ni  ti  ci 


R1  :  Equivalent  Reihtane* 
Li  :  Equivalent  Inductance 
Cl  :  Equivalent  Capacitance 
CO  :  Parallel  Capacitance 


Fig. 4  Equivalent  circuit  of 

ceramic  resonator  and  crystal  resonator 


Fig. 5  Typical  schematic  of  CMOS  inverter 
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gn  :  transcenduetanee 
Rgai  gate-to-sourcc  resistance 
Cgst  gatc-to-souree  capacitance 
Rgs:  drain-to-sourco  resistance 
Cds:  drain'*to-source  capacitance 


Fig. 6  Four-terminal  equivalent  circuit  of 

CMOS  inverter 


Frem  equation (1 ) .  the  relation  between  input 
and  output  la  shewn  os  following. 

Vin  ■  A  Veut  ♦  B  lout  (4) 

Th'  voltage  transfer  ratio  (Veut/Vln)  is  for 
an  open  output,  so  lout  ■  0.  Therefore,  the 
second  torn  of  equation  (4)  drops  out. 

Vin  «  A  Vout 


Consequently,  Figure  3  can  be  expressed  using 
equivalent  circuit  as  Figure  7.  When  we 
consider  this  network  to  be  defined  by  A- 
parameters,  A-paraaoters  ore  defined  as  in 
equation  (1).  Tho  loop  gain  and  phase  shift 
are  rewritod  os  equation  (£*  and  equation  (3). 


Vaut/Vin  ■  1/A  (5) 

Equation  (5)  shows  chat  the  voltage  transfer 
ratio  depends  only  on  parameter  A. 

with  above  model,  wo  have  computerised  the 
gain-phase  simulation.  And  we  hove  learned 
that  if  tho  model  uses  measured  values  of 
network  parameters,  tho  model's  predictions 
and  the  behavior  of  tho  circuit  correspond 
closely.  (3) 

Figure  8  shows  the  gain-phase  characteristics 
of  actual  measurement  and  computed 
simulation. 

In  Figure  8,  simulation  result  corresponds 
closely  with  actual  measurement  result. 

As  mentioned  before,  the  circuit  must 
satisfy  tho  condition  of  (I)  and  (II)  to 
oscillate.  Therefore,  in  Figure  8  oscillation 
occurs  only  at  point©  and  the  gain  (AC)  Is 
the  gain  margin  of  oscillation  circuit. 


Fig. 7  Gain-Phase  simulation  circuit  using  A-parameter 
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Fig. 8  Gain-Phase  characteristics  by 

actual  measuring  and  computed  simulation 


CSA4.00MG 

Un«:Cjln  *  0  (dO) 


fuiltelCaiuciunce  CO  (pf) 

Fig. 5  Oscillating  region  in  Rl-CO  plane 

by  inverter's  transccnductancca  (gn) 


Application  of  the  Galn-Phnsi  simulation 

Until  now,  there  has  not  been  effective  way 
to  evaluate  the  stability  of  oscillation  for 
the  ceramic  resonator/inverter  circuit.  This 
simulation  makes  it  possible  do  that.  At  any 
given  parameters  of  resonator  and  inverter, 
we  can  determine  whether  or  not  the  notwork 
will  oscillate. 

Figure  9  shows  the  result  of  this  analysis. 
Tho  ceramic  resonator1 3  equivalent  resistance 
(HI}  and  parallel  capacitance  (CO)  arc 
plotted  against  each  other,  with  the 
inverter' 3  transconductance  (gra)  as  the 
parameter. 

The  curves  are  tho  bordelinc  condition  of 
oscillation,  where  tho  gain  is  1  («0dD). 

The  region  over  these  curves  represents  lower 
gain,  and  the  notwork  won't  oscillate. 

This  data  was  obtained  using  48112  ceramic 
resonator  (Murata  CSA4.00MG).  Tho  shaded 
region  shows  tho  specified  range  of  R1  and  CO 
parameters  for  this  particular  resonator.  If 
the  inverter's  gm  is  no  lower  than  about 
500/iA/V,  we  can  guarantee  that  a  resonator 
whose  parameters  fall  in  this  area  will 
oscillate  with  any  circuit. 


Likewise,  the  higher  the  transconductance, 
the  greater  tho  gain  margin,  and  the  broader 
the  resonator's  specifications  can  be.  Mote, 
howover,  that  a  transconductance  of  500  juA/V 
brings  the  line  of  oscillation  very  dose  to 
the  acceptable  range  of  resonator  parameters. 
A  slight  drop  in  gain,  or  a  minor  change  in 
tho  resonator  night  cause  the  oscillator  to 
stop.  Therefore,  such  a  design  is  not  very 
stablo. 

Of  course,  wo  can  design  (or  cclcc)  tho 
resonator  to  have  tighter  tolerances.  Hut 
thin  reduces  tho  yield  and  raises  tho  cost. 

If  tho  inverter  would  bo  dcsignd  to  enter 
resonator's  specif f lent ions  into  the  stable 
region,  wo  can  supply  nost  economical  and 
stablo  oscillator  circuit  to  customers. 

Figure  10  shows  stability  with  respect  to  the 
changes  in  tho  external  components.  CL2  is 
plotted  against  CL1 ,  with  the 
transconductanco  as  the  running  parameter. 

Figure  11  shows  how  the  gain  varies  with  CL1 
and  CL2,  for  an  assumed  transconductnnce  of 
1000 /jA/V. 
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Analysis  for  Rise  Tina 
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Fig. to  oscillating  region  in  CI.1-CL2  plane 
h;  Inverter's  transconduccance  (gn) 
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Fig. 11  Variation  of  the  gain  by  CL1  and  CL2 


We  will  be  able  to  analyse  riso  tine  by  the 
transient  analysis. 

If  the  gain  of  inverter  would  be  sufficently 
high,  we  could  consider  the  circuit  as  LCR 
resonant  circuit  supplied  alternating  current 
voltage.  (4) 

when  the  circuit  is  supplied  the  voltage  of 
e(t)  ■  E»  sinwt,  the  transient  response  of 
loop  current  is  calculated  frera  following 
equation. 


d  t  I  f 

“7  +  R’l  +  —  \  i  tl  t  n  Cm*  a  I  nut  (0) 

d  l  C  J 


In  the  resonant  case,  the  general  solusien  of 
loop  current  1  ■  ltt)  is  shown  as  following. 


I  (t)  = 


_  r 

z  a  I n$  l 

ftHl) 

n *  I 


a  i  n  0  •  *  l  n  (*-/1 1) 


ft  a  I  n/1 1 ' 

-  —  c  O  a  d  ■ 
u  a  I 


Em 


a  In  Cw  t  ~5) 


Where , 


Z  »  Jn‘  +  (uL-  —  )* 

-(:) 


0a  t  » 

d  u  t  a 


(7) 


u  =  R/2L 


«*  Jl/LC  -  (R/2L)  *  aJuo‘  -  a* 

When  w  corresponds  with  the  natural  frequency 
of  the  circuit  and  OJo  is  r:uch  greater  thana  , 


u  B  ft  a  y  u  0 1  -  O*  *5  u  O 

5  =  0 

it 

£  =  — 
o 
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then  equation  (7)  is  represented  as 
following. 


t  <o  *  “-(‘-c-'")*  1  nwl 


Prow  equation  (8) ,  the  aaplirudc  of  i(t)  Is 
varied  by  S-*1. 


IC  TC74MCUOM1 
V00«*5.0V 
CU  *C12  »  lOOpF 


ftnc  » 4.00MHz> 


Therefore,  rise  tine  is  proportional  to  i/a 
as  follows: 


Tf  «  I/O  -  2L/R  n  3Q/W 


/  feo»e.ecwHt 


Equation  (9)  shows  that  rise  tine  is  directly 
proportional  to  Q  and  inversely  proportional 
to  w  (frequency) . 

Ke  verified  this  results  by  actual 
experinents. 

Figure  12  is  a  photograph  of  rise  tine  at  <1 
Mils,  eonparlng  with  quarts  crystal,  ceranlc 
and  LiTa03  resonator. 

Figure  13  shows  the  variation  of  rise  tine 
against  resonator's  nechanlacl  quality  faetor 
(C«) .  Rise  tine  is  directly  proportional  to 
On. 

Figure  14  shows  the  variation  of  rise  tine 
against  oscillation  frequency,  for  ceranlc 
resonators  and  quartz  crystal  resonators 
obtained  by  the  sane  experlnents  of 
Figure  12. 

For  both  cases,  rise  tine  is  inversely 
proportional  to  oscillation  frequency. 


Oi  1  J  i  1#  >»  «  IM  W 

Mxtaicji  Oailiiy  Ttcw  |Om  *  1,000} 

Fig. 13  Rise  tino  vs  neehanienl  quality 
factor (On) 


•o  0.5 


O 

E  o.2 

I  0.1 


IC  :  TC74HCU04P  \ 

\  CRYSTAL 
VDD  «  +5.0V  ' 

CL1  »  CL2  -  lOOpF  *\ 

\ 

x 

V 

\ 


CERAMIC 


CSA-MK 

CSA-MG 

CSA-MT 


Rim  tim«  ol  clock  wcillztor  uting  X'ul, 
c*r*m!c  monitor  tod  UT*0,  monitor 

(A)  :4,000MHz  X'ul 

(B)  :4,000MHz  Cwicnlc  R  Monitor 

(C)  :  4.000MHz  LITtO, 


0.0  0.5  1.0  2.0  5.0  10  20 

Oscillation  Frequency  (MHz) 


Fig. 12  Photograph  of  rise  tine 


Fig. 14  Rise  tine  vs  oscillating  frequency 


Conclusion 


Our  gain-phase  simulation  makes  it  possible 
t©  design  an  inverter  oscillator  circuit  that 
is  matched  to  the  characteristics  of 
resonator.  He  no  longer  need  to  guess  whether 
the  circuit  will  work,  or  what  ranges  of 
inverter  and  resonator  parameters  are 
acceptable. 

As  for  oscillation  rise  time,  we  could  verify 
its  trend  for  resonator's  Q  and  frequency 
theoretically  and  experimentally. 
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THE  ACCELERATION  SENSITIVITY  OF  QUART2  CRYSTAL  OSCILLATORS: 

A  REVIEW 

Raymond  L.  Filler 

US  Army  Electronics  Technology  and  Devices  Laboratory  (LABCS'M) 
Fort  Kenmouth,  HJ  07703-5000 


EffiSOHC 

Tho  acceleration-sensitivity  of  quarts 
crystal  oscillators  is  assusing  increasing 
significance  in  modern  communications, 
navigation,  radar,  and  Identification  sys¬ 
tems.  This  paper  is  a  tutorial  and  a  review 
of  the  various  aspects  of  acceleration- 
sensitivity.  Tho  topics  to  be  discussed  are 
1.  the  consequences  of  aeeoleratlon-sensi- 
tlvity  in  crystal  oscillators,  including  tho 
effects  of  sinusoidal  and  random  vibration, 
on  the  Allan  Variance,  phase  noise  and 
integrated  phase  jitter,  2.  tho  veeter 
nature  of  quarts  resonator  sensitivity,  3. 
the  theoretical  description  of  tho  causa  of 
the  acceleration-sensitivity  of  quarts 
resonators,  4.  techniques  for  the  mcasuse- 
ment  of  aceeloratlon-sonsltlvlty,  and  5.  the 
effect  of  frequency  multiplication  on  decol¬ 
oration  effects. 

In  addition,  various  techniques  cur¬ 
rently  being  used  or  developed  for  reducing 
the  effective  acceleration  sensitivity  will 
be  dlseusscd.  Tho  techniques  fall  into 
three  general  categories:  reduction  of  tho 
aeeeloratlon-sensltlvlty  of  tho  resonator; 
passive  techniques  that  use  compensating 
elements  in  the  oscillator  feedback  loop, 
o.g.  a  second  resonator  or  an  acceleration 
sensitive  capacitor;  and  activo  acceleration 
compensation  schemes  that  sense  the  acceler¬ 
ation  and  feed  back  a  compensating  signal  to 
a  tuning  network. 

ummsmu 

There  has  been  an  awareness  of  acceleration 
effects  in  frequency  sources  at  least  since 
the  advent  of  missile  and  satellite  appli¬ 
cations,1-0  Doppler  radars,7*0  and  other 
systems  requiring  extremely  low  noise.'*10 
There  has  not,  however,  been  a  general 
appreciation  of  tho  magnitude  of  tho  prob¬ 
lem.  As  a  case  in  point,  thero  is  little  or 
no  mention  of  acceleration  sensitivity  in 
tho  genoral  toxts  on  quarts  crystal  oscilla¬ 
tors  and  resonators  or  of  vibration-induced 
phase  noiso  in  radar  textbooks. 

Tine  dependent  acceleration,  l.e., 
vibration,  can  causo  a  large  increase  in  the 
noise  level  of  a  quarts  crystal  oscillator. 
In  fact,  in  frequency  sources  oporating  on 
mobile  platforno,  tho  vibration-induced 
phase  noiso  is  usually  greater  than  all 
other  noise  sources  combined. 

High-stability  frequency  sources, 
including  atonic  standards,  contain  quartz 
crystal  resonators.  One  result  of  the 
evolution  of  electronics,  i.e.,  tho  transi¬ 
tion  fron  tubes  to  transistors,  and  fron 

•us  CO VEPMXOT  WORK  IS  KOI  PROIECUP  BI  US  CCMRIGHT* 


point-to-point  wiring  to  printed  circuits, 
is  the  establishment  of  tho  quarts  crystal 
resenator  as  the  most  acceleration-sensitive 
component  in  frequency  sources.  This  paper 
will  review  the  causes  and  effects  of  accel¬ 
eration  sensitivity  of  bulkwavo  quarts 
crystal  resonators,  and  the  methods  that 
reduce  or  compensate  for  that  sensitivity. 
Most  of  what  is  discussed  is  equally  rele¬ 
vant  to  surface  acoustic  wave  (CAW)  and 
shallow  bulk  acoustic  wave  (SDAW)  devices. 

m^E££SaLS£j&£CSI«^^ 
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A  quarts  crystal  resonator  subject  to  a 
steady  acceleration  has  a  slightly  different 
series  resonant  frequency  than  tho  same 
resonator  experiencing  zero  acceleration.1 
Furthermore,  it  has  boen  observed  that  tho 
magnitude  of  the  frequency  shift  is  propor¬ 
tional  to  tho  magnitude  of  the  acceleration, 
and  is  also  dependent  upon  the  direction  of 
tho  acceleration  relative  to  a  coordinate 
system  fixed  to  the  resonator.11  It  has 
boon  shown,  empirically,  that  the  accelera¬ 
tion  sensitivity  of  a  quarts  crystal  resona¬ 
tor  is  a  vector  quantity.13  Thorofore,  the 
frequency  during  acceleration  can  be  written 
ns  a  function  of  the  scalar  product  of  two 
vectors 

f(»)  -  foil  ♦  ).  Cl) 

where  f{5)  is  tho  resonant  frequency  of  tho 
resonator  experiencing  acceleration  a,  fQ  is 
tho  frequency  with  no  acceleration  (referred 
to  ns  tho  carrier  frequency) ,  and  Tf  is  tho 
aceelorntion-sensitivity  vector.  It  can  bo 
scon  fron  Eq.  (1)  that  tho  frequency  of  an 
accelerating  resonator  is  a  maximum  when  tho 
acceleration  is  parallel  to  the  accolora- 
tion-sensitivity  vector;  it  is  a  minimum 
when  the  acceleration  is  antlparallol  to  tho 
acceleration-sensitivity  vector.  An  impor¬ 
tant  result  of  Eq.  (1)  is  that  tho  fre¬ 
quency  shift,  f(S)-fe,  is  zero  for  any 
acceleration  in  the  plane  normal  to  tho 
accaloration-sensitivity  vector. 

Tho  frequency  shift  described  in  Eq. 
(1)  is  also  induced  by  tho  acceleration  due 
to  gravity  (even  without  notion) .  This  is 
commonly  referred  to  as  "2g-tipover." 
During  "2g-tipovor, "  tho  magnitude  of  tho 
acceleration  is  lg  in  the  direction  towards 
the  center  of  tho  earth.  (The  magnitude  of 
acceleration  given  in  this  paper  will  be  in 
units  of  g,  i.e.,  the  magnitude  of  the 
earth's  gravitational  acceleration  at  sea 
level,  980  cn/sec2.)  When  a  resonator  is 
rotated  180°  about  a  horizontal  axis,  tho 
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scalar  product  of  the  acceleration  and  the 
unit  vector  normal  to  the  initial  "cep"  of 
the  resonator  goes  from  -lg  to  +lg,  which  is 
a  difference  of  2g.  Figure  1  shews  actual 
data  of  the  fractional  frequency  shift  of  a 
resonator  (operating  in  an  oscillator)  when 
the  oscillator  is  rotated  about  three  mutu- 
ally  perpendicular  axes  in  the  earth's 
gravitational  field.  For  each  eurvo,  the 
axis  of  rotation  is  held  horizontal.  The 
sinusoidal  shape  of  each  eurve  is  a  conse¬ 
quence  of  the  scalar  product  being  propor¬ 
tional  to  the  cosine  of  the  angle  between 
the  acceleration-sensitivity  vector  and  tho 
acceleration  due  to  gravity. 


determined  by  combining  Eq.  (2)  with  Eq. 
(1),  resulting  in 

f (a)  -  f0  (1  +  (?-A)ee3(2.fvt)).  (3) 

This  can  be  rewritten  as 

f(a)  »  f©  *  '-f  ees{2«fvt),  (4) 

where 

*<f  ■  f0  *  cr-Ai  (**) 

is  the  peak  frequency  shift  due  to  tho 
acceleration  X. 


Figure  1.  "2g  Tipover,"  Frequency  change  vs. 
rotation  in  the  Earth's  gravitational  fiold 
for  three  mutually  perpendicular  axes. 
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In  cost  applications,  tho  nagnitudo  of 
the  acceleration  is  tice-depondent.  The 
cagnituda  of  tho  acceleration-sensitivity 
vector,  for  decoloration  amplitudes  commonly 
encountered,  is  independent  of  acceleration 
amplitude.11  Tho  time-dependent  frequency 
shift  duo  to  a  complex  vibration  can,  there¬ 
fore,  bo  determined  from  the  sun  of  the 
individual  sinusoidal  components,  i.o.,  tho 
system  is  linoar  and  superposition  holds. 
Simple  sinusoidal  vibration  will  bo  dis¬ 
cussed  first;  tho  extension  will  then  bo 
made  to  random  vibration. 

Simple  harmonic  notion  will  be  assumed,  with 
on  acceleration  given  by 

a  -  A  cos (2k fvt) ,  (2) 

whore  A  is  tho  peak  acceleration  vector  in 
units  of  g,  fv  is  the  frequency  of  vibration 
in  Hertz,  and  t  is  time  in  seconds.  The 
variation  of  the  frequency  with  time  can  be 


The  behavior  of  the  device  can  bo  described 
by  defining  a  rectangular  coordinate  system 
fixed  to  the  resonator.  The  accwlerat ion- 
sensitivity  vector  anel  the  acceleration 
vector  can  then  be  described  in  terms  of 
the  three  unit  vectors  defined  by  that 
coordinate  system.  Therefore  Eq.  (3)  can  be 
transformed  into  a  scalar  equation  contain¬ 
ing  the  three  (i,  j,  and  k)  components  of  X 
and  F,  i.o. 

f (a)  *  fo*(l*Fl*Ar»rj*Aj*tVAfe)  (b) 

There  are  three  quantities  with  units 
of  frequency  to  keep  in  mind:  fQ,  fv 
and  *f  It  can  be  seen  from  Eq.  ($)  that 
the  output  frequency  deviates  from  the 
center  frequency,  (0,  by  the  amount 
at  a  rate  of  fv.  This  is  shown  schematical¬ 
ly  in  Figure  2.  Each  plot  is  the  instanta¬ 
neous  output  frequency  of  a  crystal  oscilla¬ 
tor  while  undergoing  a  vibration  at  frequen¬ 
cy  fv.  Figure  3b  Is  the  voltage  vs.  time 
at  the  output  of  the  same  crystal  oscillator 
showing,  in  a  much  exaggerated  way,  the 
variation  in  the  frequency  with  acceleration 
amplitude.  Figure  an  is  the  acceleration 
waveform. 
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Figure  2.  Instantaneous  "carrier”  frequency 
for  several  instants  during  one  cycle  of 
vibration. 
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b.  Oscillator  output. 


Figure  3.  a.  Acceleration  level  vs.  tiro. 

b.  Resulting  oscillator  output. 

It  is  very  useful  to  transform  the 
effect  of  vibration  into  the  frequency 
domain.  This  will  allow  the  formulation  of 
a  convenient  measurement  schoae  and  allow 
comparison  of  vibration  effects  to  more 
fanlliar  fores  of  phase  noise. 

The  voltage  appearing  at  the  output  of 
an  oscillator  is  given  by 


V(t)  »  V0  cost 3*4  sin(3*fv)J 
*v 

Eg.  (10)  is  the  expression  for  a  froquency- 
mcdulated  signal.  It  can  be  expanded  in  an 
infinite  series  of  Sessol  functions!5  re¬ 
sulting  ini'1 

V(t)  «  ve  ces(2»f0t) 

*  dx(j3)  C0S(2«(fo4fv}t) 

4  3xUt)  ces(3*(f0-fv)t)  (11) 

*  Jjfd)  ces(2»(f04afv)t) 

*  Jjttf)  eaa(3* (fe-3fv)t)  4...) 

where  p  •  af/fv  *  (F-fafo/fy  is  the 
modulation  index  (from  standard  FH  theory.) 

The  first  term  in  Eq.  (11)  is  a  sine 
wave  at  the  carrier  frequency  with  an  ampli¬ 
tude,  relative  to  ve,  of  do{0).  The  other 
terms  are  vibration-induced  sidebands  at 
frequencies  f0  ♦  fv,  f„  -  fv,  f0  +  2fv,  f9  - 
3fv#  etc.  In  analogy  with  eenmon  phase-noise 
notation,  1°  the  ratio  of  the  power  in  the 
nth  vibration-induced  sideband  to  the 
power  in  the  carrier,  denoted  by  4'vr>,  is 
given  by 

3vn  »  (Jn(P)/J 0(.l))J  (12) 

or,  mere  commonly  expressed  in  decibels  as 

*tvnCd«e)  -20  log(Jn(d)/J0(/()) ,  (13) 

where  dBc  refers  to  dn  relative  to  the 
carrier  and  the  subscript  v  refers  to  the 
vibration. 

Several  approximations  can  bo  made  if 
the  modulation  index  is  less  than  0.1.  This 
is  the  case  for  cost  frequency  standards  in 
the  IIP  band  experiencing  "normal"  accelera¬ 
tions  of  10  g  or  less  at  oecoloration  fre¬ 
quencies  abovo  a  few  herts.  Tho  approxima¬ 
tions  are 

Jo(/»)-  1  :  tl<o.l 

5i(fi)-  P/ 2  ;  /KO.l  (14) 

dn(i*)"  °  f  P< 0.1,  n>2. 


V(t)  -  VQ  cos(4(t)), 


(7) 


Thoroforo,  after  combining  Eqs. 
(14): 


(13)  and 


where  tho  phase  *(t)  is  derived  from  the 
frequency  by 

4(t)  -  2*  Jx f(f)  df.  (0) 

When  tho  oscillator  frequency  is  varying  duo 
to  simple  harmonic  acceleration  modulating 
tho  resonant  frequency  of  tho  resonator,  tho 
phase  in  Eq.  (7)  becomes,  using  Eqs.  (5) 
and  (8), 

*(t)  -  2*f0t4(af/fv)sin(2*fvt) .  (9) 

When  Eq.  (9)  is  inserted  into  Eq  (7),  tho 
result  is 


*?V(P)  -  20  *  log((r-A)fo/(2fv)) 

.  ,  ( 15) 

*Cvn>1iP)  -  0 

For  small  modulation  index,  therefore,  most 
of  tho  power  is  in  the  carrier  and  a  small 
amount  is  in  tho  first  sideband  pair  (upper 
and  lower).  Tho  amplitudes  of  tho  higher 
sidebands  are  negligible.  Tho  condition  of 
small  modulation  index  permits  oC(£)  to  bo 
equated  to  S$(f)/2.16 

As  an  oxanple,  consider  a  5  KHz  oscil¬ 
lator  with  a  vibration  sensitivity  of  2  x 
10_9/g-  If  the  oscillator  experiences  an 
acceleration  of  5  g  along  tho  direction  of 
tho  acceleration-sensitivity  vector,  the 
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value  of  a(  is  (5  X  10®  Hz)  *  (5  g)  * 

(2xl0"9/g)  »  0.05  Hz.  The  modulation  index 
and  *£y*  for  several  vibration  frequencies 
are  shown  in  Tablo  Z. 

TADLE  I 

First  sideband  level , in  doc,  for 
a  9  Mils  oscillator  with  an  accelera¬ 
tion  sensitivity  of  2xl0"fyg  experi¬ 
encing  an  acceleration  of  5g  peak. 


fv(lls) 

(t 

•Tv*  (due) 

5 

.01 

-46 

23 

.002 

-60 

50 

.001 

-66 

500 

.0001 

-86 

Xt  can  bo  soon  that  *3fv*  falls  off  at  0  da 
per  octavo  (20  dn  per  decade.)  A  eonso- 
uenee  of  linearity  at  low  vibration  levels 
a  that  these  sinusoidal  accelerations  are 
independent.  The  amplitude  at  any  frequency 
is  the  sono  if  the  bright  lines  are  excited 
separately  or  in  combination.  The  first 
three  of  these  vibration-induced  sidebands 
and  the  carrier  ore  shown  in  a  typical 
npoctrua  analyser  output  in  Figure  4. 


Figure  4.  Carrier  and  vibration-induced 
sidebands  resulting  fron  sinusoidal 
acceleration  at  5,  25,  and  SO  Hz. 

FREQUENCY  MULTIPLICATION 

Phase  noise  during  vibration  is  of 
great  concern  in  systems  such  os  radar, 
navigation,  and  satellite  communications, 
whore  the  frequency  of  the  crystal  oscilla¬ 
tor  is  multiplied  up  to  tho  microwave  re¬ 
gion.  Upon  frequency  multiplication  by  a 
factor  of  M,  tho  vibration  frequency  fv  is 
unaffected  since  it  is  an  external  influ¬ 
ence.  Tho  poak  frequency  change  due  to 
vibration, Af,  however,  becomes 


af  =  (r-A)Nf0.  (16) 

Tho  modulation  index  p  is  therefore  in¬ 
creased  by  a  factor  of  M.  Expressed  in 


decibels,  frequency  multiplication  by  a 
factor  M  increases  tho  phase  noise  by  20  log 

N. 

Tho  relationship  between  tho  vibrotion- 
Induecd  phase  noise  of  two  oscillators  with 
the  same  vibration  sensitivity  and  different 
carrier  frequencies  is 

*^2  »  *7*1+  20  log(f2/fl>*  (12) 

Where  *f\  is  tho  sidol-and  level,  in  d&c,  of 
tho  oscillator  at  frequency  fj,  xnd  •sfj  is 
tho  sidoband  level  of  the  oscillator  at 
frequency  fj.  This  is  identical  to  the  "20 
log  H"  tern  associated  with  tho  increase  in 
phase  noise  due  to  frequency  multiplication. 
Again,  this  relationship  holds  only  if  0  < 

O. 1, 

Xf  the  modulation  lndox  b  is  larger 
than  about  0.1,  tho  approximations  made  in 
Eq.  (14)  are  not  valid.  This  often  occurs 
in  UIIF  and  higher  frequency  systems.9 
Frequency  multiplication  to  a  higher  fre¬ 
quency  is  indistinguishable  fron  direct 
frequency  generation  at  tho  higher  frequen¬ 
cy.  For  example,  when  a  2  x  l0“9/g  sensitiv¬ 
ity  3  KHz  oscillator's  frequency  is  multi¬ 
plied  by  a  factor  of  300  to  gonorato  a 
frequency  of  1575  KHz,  its  output  will  have 
identical  vibration-induced  sidebands  as  a 
1573  Mils  saw  oscillator  with  a  sensitivity 
of  2xl0”9/g.  At  5  g  acceleration,  for 
example,  the  vibration-induced  sidebands 
produced  by  tho  1575  KHz  oscillator  and  tho 
5  KHz  oscillator  multiplied  by  300  are  shown 
in  Table  XX. 

TADLE  IX 

First  sldaband  level,  in  dec,  for  a 
1575  MHz  oscillator  with  an  accelera¬ 
tion  sensitivity  of  2xl0”9/g  expori- 
oncing  a  poak  acceleration  of  5  g. 


fv(Ht) 

9 

(dOc) 

5 

3.15 

+2.3 

25 

0.63 

-9.6 

50 

0.315 

-16. 

500 

0.0315 

-36. 

It  can  bo  soon  that  tho  values  of  ©Cy1  *n 
Table  XI  aro  much  greater  than  those  in 
Tablo  I  for  tho  same  vibration  frequency. 
This  is  a  conscquonca  of  the  ratio  of  output 
frequency  to  vibration  frequency  baing  much 
larger.  It  is  possible,  as  can  bu  soon  in 
this  example,  for  tho  sidobands  to  bo  larger 
than  tho  carrier.  Also,  there  aro  oven 
conditions  where  tho  carrier  disappears  and 
the  valuo  of  dfy*  goes  to  infinity,  o.g., 
when  p  equals  2.4,  that  is,  all  of  the 
power  is  in  the  sidobands  and  none  is  in  tho 
carrier. 

ALLAN  VARIANCE 

Tho  effect  of  sinusoidal  phase  modula¬ 
tion  on  the  Allan  variance  of  a  frequency 
standard  has  been  shown*®  to  be  given  by 

*v  -  _  sin2(„fvr)  (18) 

*f0' 
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whoro  e  is  the  peak  phase  deviation,  fv  A® 
tha  frequency  of  cho  chase  modulation,  and 
the  ncnsureRont  tine  ia  t.  it  con  he  seen 
fron  Eq.  (9)  that  the  magnitude  of  the 
maximum  phoso  deviation  for  a  single 
vibration-induced  sideband  ia  r,f/fv. 
Therefore,  the  vibration-induced  Allan 
variance  of  a  frequency  standard  with  an 
acceleration  sensitivity  of  P,  subjected 
to  acceleration  X  at  a  frequency  of  fv,  is 

_JL’iL__  sln2(*fvO-  (19) 

#fy* 

This  effect  is  shown  in  Figure  5.  Tho 
frequency  standard  is  assuned  to  have  an 

Allan  variance  of  (1X10  "i3/02  when  not 
being  accelerated. 

A  plausibility  argunont  for  tho  occur¬ 
rence  of  tho  peaks  and  valleys  in  Figure  5 
is  that  cho  average  frequency,  os  given  in 
Eq.  (S ) ,  is  fQ  for  an  averaging  tine  equal 
to  an  integer  nultiplo  of  the  period  of  cho 
vibration.  Since  this  is  a  constant,  tho 
variance  Is  zero.  The  average  frequency 
departure  fron  f0  is  a  maxinun  when  tho 

avoraging  tino  is  an  integer  Rultiplo  of 

ono-half  tho  period  of  cho  vibration. 

Therefore,  tho  peaks  occur  when  r  ■ 
(2n+l)/(2fy)  and  tho  valleys  occur  when  » 

■  (n+l)/fv,  where  n  «  0,1, 2, 3,...  . 

-9 

10 


-10 

10 


10 


-12 

10  .031  .01  .1  1 

T au  (seconds) 

Figure  5.  Signs  y  of  tnu  an  oscillator  with 
an  acceleration-sensitivity  of  lppb/g  during 
a  1  g  vibration  at  20  Hz . 

In  nost  situations  tho  acceleration 
experienced  by  a  frequency  standard  is  not 
simple  harmonic  notion;  it  is  random,  i.o., 
tho  vibratory  power  is  randonly  distributed 
over  a  range  of  frequencies,  phases,  and 
amplitudes.  Tho  acceleration  can  bo  de¬ 
scribed  by  its  power  spectral  density  G(f). 
Tho  power  spectral  density  of  frequency 
fluctuations,  S„(f),  can  bo  obtained  by 
multiplying  the  power  spectral  density  of 
acceleration  by  tho  square  of  the  accelera¬ 
tion  sensitivity  in  (llz/g)2.  «7"v  is  related 
to  s„ ,  if  tho  modulation  index  is  small, 

bylG1* 


-  S„/(2fv2).  (20) 


Therefore, *jfv  for  random  vibration  is  given 
by 


•Jv1  "  (llMfe)2  G(*)/pfv2)*  (21) 

As  an  example,  consider  the  random 
acceleration  spectrum  given  in  tho  upper 
right  of  Figure  <5.  G(f),  in  units  of  g2/)lr, 
is  given  by 


G(f)  ■  0.04  5<  fv  <220  Its 

G(f)  ■  0.0?  *  (fy/300)2  220<  fv  <300  Hr. 

(32) 

G(f)  ■  0.0?  300<  fv  <1000  Its 

G(f)  »  0.07  *  (fv/1000)“2  1«  fv  <2  KIIS. 

If  the  vibration  sensitivity  is  1  x 
and  the  oscillator  is  operating  at  10  KHz, 
tho  peak  frequency  deviation  is  0.01  lit. 
Therefore,  «^y*  is 


f  i.  (0.04) (0.01)2 
(2fv2) 

(0.0?)  (0.01/100) 2 

2 

^*vl,  (0.07)  ((0.01)2 
( 2  fy2  ) 


5<fy<220  II* 

220<fy<300  He 
(23) 

300<fy<  1000  KHZ 


■T  (°-07) (0-01*1000) 2 

(2fV> 


1  <fy<  2  KHz 


which  is  shown  in  Figuro  6.  Hoto  that 
outside  of  tho  vibration  frequency  range 
defined  by  tho  given  acceleration  spectrum, 
tho  phase  noise  is  identical  to  that  of  n 
non-nccolarntod  device. 


Figuro  6.  Randon  vibration  envelope  and  the 
random  vibration-induced  phase  noise. 

INTEGRATED  PHASE  NOJ_S_E_JWD_PEAK__EHASE 
EXCURSION 

Specialists  in  crystal  resonators  and 
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oscillator*  generally  characterize  phase 
noise  by  S4(f)  or«ftf).  Many  ussrs  of 
crystal  oscillators,  however,  characterize 
phase  noise  in  teres  of  "phase  jitter." 
Phase  jitter  is  the  phase  noise  integrated 
over  the  systea  bandwidth.  Similarly,  in 
phase- lock- loops,  it  is  the  magnitude  of  the 
phase  excursions  that  determines  whether  or 
not  the  loop  will  break  lock  under  vibra¬ 
tion. 

One  can  use  the  previous  exaepls  to 

investigate  the  effect  of  vibration  on 
integrated  phase  noise.  Integrated  phase 

noise  is  defined,  for  the  band  fp  to  fa,  as 

♦  i2  -  Jp«dt«  <24) 

where  *4  is  the  spectral  density  of  phase, 
equal  to  Xy  In  the  frequency  band  of  1 
Ns  to  2  KHz,  the  phase  noise  of  the  nonvib¬ 
rating  oscillator  froe  Figure  4  is  given  by 

•«\  -  lxl0"l®/f2  f  <  1  KHz 

-  is  <25) 

«**v  ■  lxlO-1*  f  >  1  KHz 

and  the  Integrated  phase  noise  in  the  sane 
band  is 

#i2  -  2  x  10"1®  radians2.  (26) 

Thersfors, 

■  1.4  x  10"5  radians.  (27) 

While  the  oscillator  is  vibrating,  the  phase 
noise  is  given  by  Eq.  (25)  in  the  band  froe 
1  Hz  to  5  Hz,  and  by  Eq.  (23)  in  the  band 
froe  3  Hz  to  2000  Hz.  The  Integrated  phase 
noise  is 

4i2  ■  2  J^lxl0’10/f2)  df 

+  / (0.04) ( .01/f )2  df 
♦  JT o  .07) (0.01/300)2  df 

3,  <2«) 

0.07) (.01/300f)2  df 

+  /*fo. 07)  (0.01*1000) 2/f<  df 
* 

-lx  lo"7  radians2. 

Therefore, 

-  9xl0-4  radians.  (29) 

While  the  oscillator  is  vibrating,  it  can  be 
seen  that  the  integrated  phase  noise  is  4000 
tines  that  of  the  noise  when  it  is  not 
vibrating  and  the  rss  phase  deviation,  4i, 
is  about  60  tines  larger  during  vibration. 

When  the  oscillator  is  subjected  to  a 
simple  sinusoidal  vibration,  the  peak  phase 
excursion  follows  from  Eq.  (9),  i.e., 

4  peak  “  Af/fv«  (30) 

For  example,  if  our  10  MHz,  1  x  10“9/g 
oscillator  is  subjected  to  a  10  Hz 
sinusoidal  vibration  of  amplitude  1  g,  the 
peak  vibration-induced  phase  excursion  is 
1  x  10~3  radians.  If  this  oscillator  is 
used  as  the  reference  oscillator  in  a  10  GHz 
radar  system,  the  peak  phase  excursion  at 


10  GHz  will  fce  i  rii.5i.in.  similarly,  when  an 
oscillator's  frequency  is  multiplied,  the 
Integrated  ph.r.e  «>ise  is  increased  by  the 
multiplication  factor,  hx  10  CHz,  for 
example,  the  integrate*}  phase  nals*  in  the 
above  example  increases  Eres  9  x  iu“4  rad¬ 
ians  to  0.9  radians!  Such  large  phase  ex¬ 
cursions  are  detrirental  ts»  the  performance 
of  many  ay stars,  suen  as  these  which  employ 
phase  lock  loops  nr  phase  shift  keying. 

BE&SUIBiSSr 

The  sidebands  generated  by  vibration 
can  be  used  to  measure  the  acceleration 
sensitivity.  Eq.  (15)  can  be  rearranged  to 
get 

Pi  -  <2fv/Mf0>  io*V/a°,  oi) 

where  rp  is  the  component  of  the  accelera¬ 
tion  sensitivity  vector  in  the  i  direction. 
Three  measurements,  along  mutually  perpen¬ 
dicular  axes,  are  required  to  characterize 
the  vector,  r,  which  becomes 

T  -  rp  1  +  rj  $  +  ry'k  (32) 

with  a  magnitude  of 

fr|  -  (l*i2  +  Pj2  +  P*2)1/2  (33) 

One  scheme  for  measuring  T  is  shown  in 
Figure  7.  The  local  oscillator  is  used  to 
mix  the  carrier  frequency  down  to  th*  range 
of  ths  spectrum  analyzer,  if  th*  local 
oscillator  is  not  modulated,  ths  relative 
sideband  levels  are  unchanged  by  mixing. 
The  frequency  multiplier  is  umed  to  overcome 
dynamic  range  limitations  of  th*  spectrum 
analyzer,  using  ths  "20  log  h"  enhancement 
discussed  previously.  Th*  measured  sideband 
levels  must  be  adjusted  for  the  multiplica¬ 
tion  factor  prior  to  Insertion  into  Eq. 
(31) .  It  must  b*  stressed  that  Eq.  (17)  is 
valid  only  if  fi  <  0.1.  A  sample  measure- 


Figura  7.  Typical  configuration  for  the 
measurement  of  acceleration-sensitivity 
using  sinusoidal  excitation. 

ment  output  and  calculation  is  given  in 
Figure  8. 

Other  measurement  schemes  include 
passive  excitation17  of  the  resonator,  the 
use  of  random  vibration,18  and  the  2-g 
tipover  test.  Many  oven-controlled  oscilla¬ 
tors  are  not  suitable  for  characterization 
by  the  2-g  tipover  test,  however,  because 
rotation  of  the  oscillator  results  in  tem¬ 
perature  changes  inside  the  oven  that  can 
mask  the  effects  due  to  ^he  acceleration 
changes.  Vibration  tests  are  also  subject 
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OFFSET  FROM  CRRRIER  (Hz) 
a  =  5g 

f0a  5  MHz 

ri  =  — —/  1  B'&W 

a  x  to 

r.  «  2  x  10~9/g 

Figure  8.  Sample  acceleration-sensitivity 
measurement  using  sinusoidal  acceleration. 

to  pitfalls  since  resonances  in  the  oscilla¬ 
tor  or  shake  table  assembly  can  produce 
false  results,  it  is,  therefore,  important 
to  perform  tho  tost  at  more  than  one 
vibration  frequency. 

mm 

The  theoretical  understanding  of  accel¬ 
eration  sensitivity  docs  not  yet  enable  one 
to  predict  the  acceleration  sensitivity  of 
"real"  resonator  designs.  Theoretical 
activity  started  with  tho  study  of  in-plane 
forces  on  simplified  resonator  models.  The 
first  studies  were  concerned  with  the  close¬ 
ly  related  force- frequency  affect.  This 
effect,  first  reported  by  Bottom19  in  1947, 
is  the  change  in  frequency  induced  by  a  pair 
of  opposed  forces  in  the  plane  of  a  resona¬ 
tor  plate  applied  at  tho  rim.  Those  forces 
distort  the  quartz  plate  and,  because  of  the 
nonlinear  elastic  behavior,  change  the 
acoustic  velocity.11  since  the  frequency  of 
a  resonator  is  a  function  of  the  acoustic 
velocity  and  the  dimensions  of  tho  quartz 
plate,  tho  forces  change  tho  frequency. 

Tho  first  attempt  at  an  analytical 
solution  to  tho  forcc-froquoncy  problem  was 
made  by  Mingins,  Barcus,  and  Perry  in 
1962. 20  They  assumed  an  AT-cut  crystal 
plate  of  infinite  lateral  dimension  and  used 
a  perturbation  technique  with  linear  elastic 
coefficients.  In  1963,  they  discussed 
nonlinear  theory  and  the  need  to  include  the 
third-order  elastic  coefficients.21  Those 
coefficients  were  measured  in  1966  by  Thurs¬ 
ton,  McSkimin,  and  Andreatch.22  The  first 
calculation  to  use  the  nonlinear  theory  was 
performed  by  Keyes  and  Blair  in  1967. 22  In 
1973,  Lee,  Wang,  and  Markenscoff24  published 
the  first  of  a  continuing  series  of  papers 


(by  Lee  and  his  students,)  in  which  they 
calculated  the  force-frequency  coefficient 
(as  defined  by  Ratajski29)  as  a  function  of 
azimuth,  using  the  general  theory  of  incre¬ 
mental  elastic  deformations  superimposed  on 
finite  initial  deformations.  The  next  year, 
Lee  et  al.  investigated  the  frequency 
change  due  to  cantilever  bonding  of  tho 
plate.26  In  1977,  a  variational  analysis  of 
the  force- frequency  effect,  including  the 
effect  of  matorial  anisotropy  or.  initial 
stress,  was  given  by  Eoriiisse,  Ballato,  and 
Lukaazek23  for  doubly  rotated  cuts.  In 
1978,  CFanlaud,  Hissim,  and  Cagnopaln20 
obtained  analytic  solutions  for  tho  biasing 
stress  in  singly  and  doubly  rotated  plates 
subject  to  diametric  foreos.  Those  results 
allowed  them  to  calculate  Ratajski 's  force- 
frequency  coefficient,  and  also  the  in-plane 
acceleration  sensitivity.  Lee  and  Ku29 
extended  the  work  of  reference  24  to  treat 
plates  of  any  cut.  In  that  paper,  the 
solution  for  an  arbitrary  number  of  ribbon 
supports  was  obtained. 

Under  acceleration,  body  forces  in  the 
quart:  plate  are  balanced  by  reaction  forces 
from  the  mounting  structure.  As  in  the 
force-frequency  effect,  distortion  of  tho 
crystal  lattice  causos  the  resonant  frequen¬ 
cy  to  change.  For  bulk-wave  resonators, 
only  tho  in-plane  case  has  boon  treated. 
The  first  analysis  was  by  Valdols,  Besson, 
and  Cagnopaln11  in  1974,  who  showed  that  tho 
effect  is  linear.  Several  papors  by  Loo  and 
Ku29-21  considered  resonators  with  throe- 
and  four-point  mounts.  Two-point  mounts 
were  considered  by  Janiaud,  Nissin,  and 
Cagnepaln.28  For  SAW  rononators,  rocont 
work  by  Shlck  and  Tiorston32  and  by  Slnha 
and  I-ccko33  has  treated  acceleration  both  in 
the  plane  uf  tho  plate  and  normal  to  it. 

There  seems  to  be  a  significant  depen¬ 
dence  of  tho  accoloration  sensitivity  on 
small  variations  in  the  mounting.  Analyses 
of  bulkwave  resonators,  to-dato,  have  con¬ 
sidered  only  point  supports.  Real  resona¬ 
tors  hove  supports  that  are  distributed  over 
n  finite  aran.  In  addition,  initial  stress 
conditions  are  difficult  to  dotermino  and 
may  not  be  well-roproducod.  There  is  an 
ongoing  effort  by  Loo  and  Tang34  to  use 
finite  element  analysis  to  more  accurately 
model  the  mounting  structure.  It  is  hopod 
that  this  will  allow  conputor  simulations 
that  will  pernit  tho  determination  of  tho 
optimum  design  parameters  for  minimizing 
acceleration  sonsitivity. 

EXPERIMENTAL  J3ES.ULIS 

Several  papors  have  reported  experimen¬ 
tal  results  on  tho  force-frequency 
effoct20i 25,35  nnd  the  effects  of  bonding 
moments.36  All  used  point  mounts  in  special 
fixtures,  and  results  agree  fairly  well  with 
the  theoretical  analyses.  Tho  reported 
experimental  observations  of  the  actual 
acceleration  sonsitivity  of  real  resonators, 
on  the  other  hand,  is  remarkable  in  that  it 
defies  simple  explanation. 

The  experimental  effort  on  accelera¬ 
tion-sensitivity  started  in  the  1960's  with 
Smith, Spencer, and  Warner.1-5  Valdois, 
Besson,  and  Gagnopain11  made  measurements  on 
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resonators  and  oscillators  to  demonstrate 
that  the  resonator  was  the  accoloration- 
sensitlvo  element.  Results  from  2-g  tipovor 
experiments  wore  reported  for  SC-cut  resona¬ 
tors  Jay  Kustera,  Adams,  Voshida,  and  Leach37 
in  1977.  in  1079,  Warner,  Coldfrank,  Heirs, 
and  Rosenfeld30  reported  results  on  SC-  and 
FC-cut  devices.  In  1981,  the  first  of  a 
series  of  papors  intended  to  explore  a  wide 
range  of  resonator  fabrication  parameters 
was  published  by  Filler  and  vig.3J  in  that 
sane  year,  Hskazawa,  Lukaszek,  and  Dallnto40 
reported  constant-acceleration  results  that 
suggested  an  acceleration  sonsitivity  that 
is  not  linear  with  acceleration  level.  The 
only  significant  paranetor  for  the  reduction 
of  acceleration-sensitivity  was  reported  by 
Filler,  Koslnski,  and  Vig43  in  1902.  As  one 
makes  plano-convex  and  biconvex  AT-cut 
rosonators  flatter,  the  acceleration  sonsi¬ 
tivity  decreases.  It  must  be  noted,  howev¬ 
er,  that  other  effects,  as  yot  undeternined, 
cause  large  scatter  in  the  data.  A  survey 
of  a  large  number  of  resonator  parameters, 
such  ns  SC-cut  contour,  thickness,  drive 
level,  temperature,  and  angle  of  cut,  was 
published  in  1903  by  Filler,  Kosinski,  and 
vig.*2  Ho  significant  correlations  wore 
found. 

The  most  recont  paper,  by  Woglaln43  in 
1984,  reported  the  acceleration  sonsitivity 
of  VIIF  AT-  and  SC-cut  rosonators.  All  of 
the  resonators  in  that  study  wore  disassem¬ 
bled  after  the  acceleration  sensitivity 
measurements  to  oxanino  fabrication  details. 
That  investigation,  which  seems  to  summarise 
the  efforts  to  date,  showod  "littlo  depen¬ 
dence  on  any  recognisable  parameter." 
oxccpt  that  the  lowest  average  acceleration 
sensitivity  was  found  in  the  group  of  AT 
units.  The  largo  spread  in  the  data,  typi¬ 
cal  of  all  experimental  observations  of 
acceleration-sensitivity,  seems  to  bo  caused 
by  a  combination  of  somotinos  offsetting 
subtle  effects,  which  are  difficult  to 
control  during  fabrication. 

REDUCTION  OF  THE -ACCELERATION  SEHSITIVIT V_P£ 
RESONATORS 

The  introduction  of  the  stross-compon- 
sated  cut  of  quarts,  i.o.,  tho  SC-cut,  was 
accompanied  by  the  wido-sproad  expectation 
that  tho  SC-cut  would  have  significantly 
lower  acceleration  sonsitivity  than  other 
cuts.  Unfortunately,  that  expectation  has 
not  boon  realized.  Tho  lowest  acceleration 
sonsitivity  achieved  with  AT-cut  resona¬ 
tors'5  1"/J  3  equals  that  achieved  with  SC-cut 
resonators;  both  cuts  con  have  low  ports  in 
1010/g  sonsitivity. 

Efforts  to  reduce  tho  sonsitivity  of 
individual  rosonators  to  tho  effects  of 
acceleration  have  stressed  tho  support 
structure.  Lukaszek  and  Ballato44  proposed 
a  plate  geometry  that  would  assure  tho 
proper  support  configuration  to  reduce  tho 
force-frequency  effect.  Besson,  Gagnopain, 
Janiaud,  and  Valdois45  proposed  a  support 
structure  that  insured  symmetry  with  tho 
median  plane  of  the  resonator  plate. 
Debaisieux,  Aubry,and  Groslanbert45  and 
Aubry  and  Debaisieux47  have  reported  results 
using  QAS  resonators,  a  variation  of  the 
BVA,48  which  insures  symmetry  of  mount  as 


woll  aa  accurate  mount  locations  for  reduc¬ 
ing  tho  force- frequency  effect.  Their 
rosulta  show  a  marked  reduction  in  tho 
scatter  of  tho  moasured  acceleration  sonsi¬ 
tivity. 

Tho  lack  of  progress  in  reducing  tho 
acceleration  sonsitivity  of  tho  resonator 
below  the  low  parts  in  1030/g  level  has 
spawned  sovoral  techniques  for  compensation 
of  the  effect.  There  are  two  general  class¬ 
es  of  compensation,  passive  and  active.  Tho 
first  compensation  results  were  published  by 
Gagnopain  ond  Walla  in  1977. 48  They  used 
tho  passive  method  of  mechanically  arranging 
two  resonators  such  that  tho  components  of 
the  acceleration  sensitivities  normal  to  tho 
plates  were  antiparallol.  Tho  resonators 
were  eloetrically  connected  in  sories  in  a 
single  oscillator.  Przyjemski*2  and 
Emmonsj0  used  an  active  technique.  They 
sensed  the  acceleration  nagnitudo  with  an 
occoloromoter  aligned  with  tho  direction  of 
the  acceleration  sensitivity  vector  of  tho 
resonator.  The  acceloromoter  signal  was  fed 
into  a  tuning  circuit  in  tho  oscillator  in 
order  to  counter  tho  accoloratlon-indueed 
frequency  changes.  A  limitation  of  this 
technique  is  tho  requirement  on  tho  lineari¬ 
ty  of  tho  tuning  notwork  at  all  operating 
points.  Emmons  also  employed  tho  dual- 
rasonator  technique  and  suggested  using  an 
acceleration-sensitive  capacitor  in  tho 
tuning  notwork  of  tho  oscillator.  Tho 
lattor  technique  is  available  as  an  option 
on  a  commercial  cosiun-benn  frequency  stan¬ 
dard. 

Ballato53  suggested  a  method  for  com¬ 
pensation  in  all  directions  using  a  resona¬ 
tor  pair  made  of  cnantiomorphs.  He  argued 
that  opposito  handedneus  is  tho  only  way  to 
havo  all  three  crystallographic  axes  lino  up 
antiparallol.  This  was  oxtondod  by  a  series 
of  patents  by  Ballato  and  Vig.52”-'4  A 
simplification  was  patented  by  Filler,55  who 
showod  that,  since  the  acceleration-sensi¬ 
tivity  has  vector  properties,  all  that  is 
roquirad  is  that  the  vectors  bo  alignad 
antiparallel,  independent  of  tho  handadnoss 
of  tho  quartz.  Vig  and  Walls55  oxtondod 
this  work  by  suggesting  a  method  to  accommo¬ 
date  rosonators  with  different  acceleration 
sensitivity  magnitudes. 

Rosati  patented57  an  activo  technique 
of  compensation  which  was  further  dovolcpod 
by  Rosati  ond  Filler.58  This  method  makes 
use  of  the  polarization  of fact  in  doubly 
rotated  resonators,  i.o.,  that  tho  resonant 
frequency  of  a  doubly  rotated  rosonator  is  a 
function  of  the  voltage  applied  to  the 
electrodes. 58  If  one  senses  tho  accelera¬ 
tion  using  an  accelerometer  and  feeds  that 
signal  with  appropriate  amplification  and 
phase  reversal  directly  to  the  resonator 
electrodes,  compensation  can  be  achieved. 
The  advantage  of  feeding  the  correction 
signal  to  the  resonator  electrodes  rather 
than  a  varactor  is  that  tho  polarization 
effect  has  superior  linearity.  When  the 
correction  signal  is  applied  to  a  varactor, 
the  nonlinearity  of  the  varactor  and  of  the 
frequency-capacitance  function  causes  side¬ 
bands  at  harmonics  of  the  vibration 
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frequency.  Ono  implementation  of  the 
polarization  effect  technique  wan  used  to 
compensate  a  rubidium  oscillator.60 

cowcmsioH 

Vibration  effocts  are  a  significant 
problem  in  modorn  cosaunicatlon,  navigation, 
and  radar  systcos.  Progress  has  been  nade 
in  understanding  the  causes  of  acceleration 
sensitivity  but  a  full  explanation  for  real 
devices  has  beon  elusive.  A  great  doal  of 
effort  has  boon  oxpended  on  compensating  for 
acceloratlon-sonsltivity,  but  pore  work  is 
needed  to  lpprove  tho  level  and  bandwidth  of 
the  conponsation. 

For  nany  holpful  discussions,  tho 
author  thanks  Hr.  Robert  Snytho  of  Piezo 
Technology,  Inc., and  Dr.  John  Vig  and  Hr. 
Vincent  Rosati  of  US  Amy  LABCOH.  In  addi¬ 
tion,  tho  author  thanks  Hr.  Hartin  Bloch 
for  generating  tho  initial  interest  in  this 
probleo. 
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Cunsarv 

Many  Military  systems,  such  ns  those 
based  on  coherent  Doppler  radar,  require 
very  low  phase  noise  frequency  sources. 
However,  quartz  crystal  resonators  are 
n^nsitlve  to  acceleration,  so  on  vibrating 
platforms  the  the  oscillator  Is  frequency 
Modulated,  severely  degrading  the  oscillator 
noise. 

Several  method#  have  been  proposed  for 
•educing  vibrr.«.  a  (acceleration)  effects 
without  recoup '  to  bulky  and  sasslve  vi¬ 
bration  isolate  «.  Among  these  are: 
Inproved  resonC-us;  resonator  pairs1*2#3; 
varactor  tuning-*;  capacitlve-acceleroneter 
tuning’;  and  polarisation-effect  tuning6. 
Soma  progress  has  been  Made  in  all  of  these 
areas  during  tho  past  several  years. 
However,  the  ultimate  goal  of  building  an 
oscillator  th**  has*  on  effective  g- 
sensitlvity  ai  *.i,  ,Ui  2  /.  '  -'“12/g  remains 
unattalned. 

This  paper  describes  recent  results 
obtained  using  tho  "polarization-effect 
tuning**  Method.  Using  this  Method,  a 
connercial  oscillator’s  acceleration 
sensitivity  was  reduced  from  8X10”10/g  to 
8X10”12/g,  over  a  vibration-frequency  band 
of  5  Hz  to  350  Hz.  An  annlysis  of  the 
amplitude  and  phase  accuracy  for  deep 
suppression  of  vibration-induced  sidebands  is 
also  presented. 

Introduction 

The  phase  noise  porfornnnee  of  quartz 
crystal  oscillators  under  vibration  has 
become  recognized  ns  one  of  tho  serious 
Uniting  factors  in  the  porfornanco  of 
certain  radar  and  navigation  systens.  For 
exanplo,  assuming  a  10  MHz  oscillator  that 
uses  a  resonator  with  an  acceleration 
sonsitivity  of  5X10“10  per  g,  a  lg  vibration 
at  100  Hz  producos  a  bright  line  that  is 
only  92  dB  below  tho  carrier,  a  level  that 
is  about  60  dB  worse  than  required.7#8 

Pigure  1  shows  tho  single-sideband 
phaso  noise  of  a  good  connercial  oscillator 
at  rest,  and  tho  phase  noise  of  the  sane 
oscillator  while  undergoing  only  0.01  g2/Hz 
random  vibration  from  10  Hz  to  1  kHz  .  Tho 
degradation  of  phase  noise  below  100  Hz  is 
more  than  50  dB.  clearly,  methods  for 
reducing  vibration  effects  must  bo  developed 
further,  with  repeatability,  producibility, 
and  cost  in  nind. 

Polarization-Effect  Toning 

The  polarization-effect  tuning  method 
was  described  previously  by  Rosati  and 
Filler6.  Simply  stated,  the  method  consists 
of  sensing  the  acceleration  with  an 
accelerometer,  amplifying  and  phase 


Figure  1.  Single-sideband  phaso  noise  of  a 
quality  oscillator  at  rest  (lover  trace), 
versus  random  vibration  (upper  trace) . 


inverting  the  sensing  signal,  and  feeding  it 
directly  to  the  electrodes  of  tho  SC-cut 
resonator  in  the  oscillator,  through 
isolation  resistors.  The  sc-cut  resonator, 
via  the  polarization  effect,  is  tuned  to 
oppose  tho  frequency  chango  induced  by  tho 
acceleration. 

Early  attempts  at  suppression  of 
vibration-induced  phaso  noise  were  limited 
by  the  accelerometer  and  the  circuitry  used 
for  amplification.  Figure  2  is 
representative  of  the  early  work,  showing 
only  15  dB  of  suppression  at  low  vibration 


Figure  2.  Results  of  an  early  attempt  at 
reducing  vibration-induced  phaso  noise  using 
an  accelerometer-derived  feedback  signal 
directly  to  the  resonator  electrodes.  The 
lower  trace  is  the  phase  noise  after  the 
suppression  signal  is  applied. 
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Figure  7  is  a  simplified  schematic 
diagram  of  the  amplifiers  used  in  the 
present  work.  Input  to  the  charge  amplifiers 
is  from  a  three-axis  piezoelectric  neeeler- 
onoter,  having  eharge  sensitivity  of  12 
picoeoulombs/g.  The  20  pF  capacitor  is 
supplied  by  the  aeceleromoter  cable.  The  300 
megohm  resistor  tailors  the  aceeloremotor 
lov-froquency  response  and  provides  a  path 
for  bins  current  of  the  input  FET.  The  gain 
amplifier  may  be  switched  from  inverting  to 
noninverting  to  provide  the  correct  phase 
for  the  feedback  signal  for  its  axis,  A  gain 
of  about  43  was  sufficient  for  the  rosonator 
used,  hoc  «nown  on  Cho  schematic  is  that  the 
feedback  resistor  of  the  gain  amplifier 
consists  of  two  variable  resistors,  ono  for 
eoareo-  and  ono  for  fino  gain  control.  The 
summing  amplifier  output  is  fed  to  eaeh 
crystal  olectrode  through  100  kllohm  resis¬ 
tors. 

Figure  o  shows  the  close-to-tho-carrier 
result,  obtained  by  retrofitting  an  existing 
oscillator  to  accept  the  suppression  signal. 
The  upper  traco  is  cho  vibration-induced 
phase  noise  duo  to  0.01  g2/llz  random 
vibration  between  10  Its  and  250  Its.  The 
lower  trace  is  tho  phase  noise  when 
suppression  is  applied,  showing  35  to  40  dO 
of  suppression.  Tho  *'o  at  tho  lower  loft 
corner  of  tho  graph  represent  suppressed 
sinusoidal  vibration  nt  5,  10,  and  15 
Its.  Sinusoidal  excitation  was  used  becauso 
of  tho  low-froqucncy  cutoff  of  the  random- 
noiso  generator  driving  tho  shako  table.  Tho 
Figuro  shows,  then,  that  35  to  40  dn  of 
suppression  is  obtained  over  more  than  5 
octaves,  fron  5  to  250  lls 


figure  n.  Reduction  of  vibration-induced 
phase  noise  using  the  circuit  of  Fig.  7. 


Figure  9  is  from  the  same  data  as 
Figuro  8,  except  that  noise  to  1  kHz  is 
shown.  The  reason  for  tho  rolloff  of 
suppression  above  300  Hz  is  not  yet  fully 
identified.  However,  it  is  thought  at  this 
tine  to  bo  duo  to  tho  suppression  signal  (on 
the  order  of  1/2  volt  )  leaking  through  to 
tho  oscillator  ALC  circuitry.  The  oscillator 
is  then  Distuned  via  the  amplitude- frequency 
effect.  To  tost  this  hypothesis  a  constant- 
amplitude,  swept  audio-frequency  signal  was 
applied  to  two  non-vibrating  oscillators  of 
different  circuit  design.  The  FM  sidebands 
thus  generated  should  fall  as  1/f2.  In  one 


F-lnuro  9 .  Tho  of  feet  of  tho  suppression 
circuit,  to  1  kHz  is  shown.  Tho  rolloff  of 
suppression  at  higher  vibration  frequencies 
is  not  fully  identified. 

IN0UCE0  SI0EBAN0S  vo  FREQUENCY 


Figure  10.  Tho  "phnso  noiso"  of  oscillator 
"A"  duo  to  applying  a  constant-amplitude, 
swept-frequoncy  signal  to  tho  rosonator.  Tho 
solid  curve  is  tho  computed  1/f2  rolloff. 


INDUCE0  SIDEBANDS  vo  FREQUENCY 


OfFSEI  FREGUEHCr 


Figure  11.  Data  for  the  sane  conditions  as 
Fig.  10,  but  for  oscillator  "B" . 
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frequencies,  increasing  to  25  dD  at  200  lit, 
then  decreasing  toward  0  dt)  at  500  II:. 
Indeed,  beyond  500  Its,  the  "suppression" 
circuit  actually  made  the  noise  worse! 

Subsequent  to  the  early  work,  which 
demonstrated  that  tho  method  is  valid,  an 
analysis  was  performed  to  determine  the  sen¬ 
sitivity  of  tho  method  to  phase  and/or 
amplitude  changes  in  the  accelerometer 
feedback  path.  Tho  analysis  model,  which 
should  apply  to  all  methods  of  supprossnien 
(except  vibration  isolation) ,  is  tho 
cancellation  of  one  sine  wave  with  another, 
as  shown  in  Figure  3. 


PHASE  AND  AMPLITUDE  REQUIREMENTS 
FOR  SINE  WAVES  TO  CANCEL 


£iouro__5v  Tho  variation  of  compensation  vs. 
amplitude  ratio  is  shown. 


'INTENSITY'  OF  RESULTANT  IS:  SS»  A£*ojj*2A600Cas  (<S) 
RATIO  OF  INTENSITIES  IS:  R  -  sZ/Ajj 

LETTING  A0»l  :  10  loo  R-10  log  (l«ojj»200Co3  Ml  I 

Figure. -3-1-  The  constraints  on  tho  amplitude 
and  phase  accuracy  for  cancellation  of  sine 
waves  aro  derived  fron  this  nodal. 

Figuros  4  and  5  show  tho  depth  of 
suppression  obtainable  as  the  amplitude  or 
phase  is  variod.  Note  that  to  achieve  SO  dD 
of  suppression,  tho  amplitude  must  be  hold 
constant  to  batter  than  0.3  porccnt,  while 
phase  must  be  held  to  within  batter  than  0.2 
degroas.  Figure  G  is  a  qualitative 
dopiction  of  the  two-parameter  sensitivity 
"surface". 


PHASE  ERROR  FROM  160  DEGREES 


Figure  A .  The  variation  of  compensation  vs. 
phase  error  is  shown. 


SENSITIVITY  SURFACE 


phase  accuracy. 


The  analysis  rakes  clear  tho  need  for 
high  gain-bandwidth-product  amplifiers, 
rigid  oscillator  construction  to  avoid 
mechanical  resonances,  and  close  proximity 
of  tho  resonator  and  accelerometer  to  avoid 
phase  shifts  duo  to  tho  finite  velocity  of 
propagation  of  tho  vibration  wavo  between 
the  resonator  and  accclcromoter.  Close 
proximity  is  also  necessary  in  order  to 
minimize  acceleration  level  differences  duo 
to  rotations. 


CHRRGE  5B0K 


Figure  7.  Simplified  schematic  diagram  of 
the  suppression  circuit.  The  X-channel  is 
identical  to  the  Y  and  Z  channels.  The  X,  Y, 
and  Z  channels  are  sunned  in  the  last  stage. 
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oscillator  the  rolloff  was  slower  than  l/f2, 
while  in  tho  other  it  was  faster  than  l/f2, 
as  shown  in  figures  10  and  11.  This 
auggostu  that  the  rolloff  is  oscillator 
circuit  dependent,  and  that  eareful  design 
is  necessary  to  avoid  this  interaction. 

Concern  has  been  expressed  that  the 
nero  presence  of  the  suppression  circuitry 
would  degrade  the  phase  noise  of  the  non¬ 
vibrating  oscillator  because  no  amplifier  Is 
noise  freo.  However,  the  mechanism  of 
adding  noise  to  the  oscillator  is  tho 
transfer  function  of  the  polarisation 
effect,  which  is  about  5X10"3/volt. 
Therefore,  1  microvolt  of  noise  from  the 
amplifier  contributes  to  oscillator 
frequency  instability  by  5X10-*5,  which  is 
well  below  tho  lovcl  of  concern.  Figure  12 
shows  tho  phase  noise  of  a  tost  oscillator 
with  tho  suppression  circuitry  connected, 
and  then  short-circuited.  Hotc  that  tho 
phase  noise  is  slightly  lower  when  the 
circuit  is  active.  This  is  possibly  due  to 
suppression  of  low-level  building 
vibrations.  Similar  curves  have  been 
observed  out  to  so  kits,  tho  limit  of  our 
baseband  spectrum  analyser. 


orna  moutucr 


Flouro  12.  Behavior  of  n  (non-vibrating) 
quality  oscillator  with  and  without  tho 
suppression  circuit  ativo.  Tho  lowor  trace 
is  obtained  when  tho  circuit  is  active. 


for  conducting  the  surgery  on  the 
retrofitted  oscillators,  and  Hr.  Stanley 
Sehodowskl  for  suggesting  that  interaction 
with  the  AlC  circuit  is  responsible  for  the 
rolloff  of  suppression  at  higher 
frequencies. 
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Conclusion 

The  data  that  have  boon  prosonted  chows 
that  tho  acceleration  sonsitivity  of  a 
retrofitted  oscillator  can  be  improved  by 
two  orders  of  magnitude,  at  least  between  5 
and  250  Hz,  and  that  this  approach  is 
viable.  Future  work  will  be  concerned  with 
designing  on  oscillator  with  thin 
suppression  technique  in  mind,  with  tho  goal 
of  extending  suppression  to  at  least  2  kHz. 
To  achieve  better  than  40  dB  of  suppression 
over  a  broad  band,  it  is  possible  that  this 
method  will  need  to  be  combined  with  some 
degree  of  mechanical  isolation. 
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aggAgy 

Requirements  ef  state  ef  the  Art  radar  systems  for 
Military  applications,  invelve  the  use  ef  high  stabi¬ 
lity  and  high  spectral  purity  sources.  inese  perfor¬ 
mances  are  achieved  by  using  a  high  0  reaenater. 

Ihe  purpose  ef  this  paper  is  te  review  the  state  ef 
the  Art  as  regard  te  the  selection  ef  these  resena- 
ters  and  the  definition  ef  escillaters. 

Ctlt  proposes  several  new  configurations  which  are 
designed  in  erder  te  work  m  the  frequency  range  45 
te  140  ph*. 

A  nodular  conception,  using  different  hybrid  functions 
(  thermal  regulator,  oscillators,  amplifiers,  switch  1 
allows  te  have  the  escillaters  performances  in  accor¬ 
dance  to  customers  requirements,  for  each  design,  a 
finite  elements  analysis  allows  to  garantee  an  acous¬ 
tical  behaviour  up  to  20  Kll*  and  a  mechanical  transfer 
function  up  to  J  Ml*. 

These  new  oscillators  are  compatible  with  the  follo¬ 
wing  parameters  i 

-  small  si*e  t  <  55  u*  without  absorber  ) 

-  vibration  and  acoustical  environment 

-  purity  or  spectral  density  (  rioor  <-170  dflc/ll* 
To  s  125  MH*  ) 

-  switching  time  {  <  \^.n  ) 

-  low  g  sensitivity  t  1.I0"10  e  a  /  g  <  5.10'1®  ) 

I  -  INHWDUCUON 

Requirements  of  live  state  of  the  Art  radar  sys¬ 
tems  for  military  applications  (  aircraft,  lielicopters 
tanka,  and  other  vehicles  )  involve  the  use  of  high 
stability  and  high  spectral  purity  sources.  live  use 
of  bulk  acoustic  wave  oscillators  has  solved  tlie  sys- 
tem'sneeds  during  years  80's. 

As  regard  90's  exigences,  the  increment  of 
levels  and  frequency  range  of  random  vibrations  imply 
new  manufacturing  concepts,  in  order  to  reduce 
sources  of  frequency  unstnbility  due  to  mechanical 
stress. 


Our  investigations  have  been  concentrated  an  the 
different  causes  uf  degradations.  Ihree  avis  of  ana¬ 
lysis  were  developped  i 

.  the  dynamic  analysis  of  resonator 
.  mechanical  structure 
-  printed  circuit, 
during  the  random  vibrations  test. 

file  purpose  of  this  paper  is  to  present  the 
work  performed  at  CCK  tabs  on  a  new  family  of  oscil¬ 
lators,  the  originality  of  which  is  to  obtain  a  pre¬ 
diction  of  phase  noise  performance  whatever  the  mecha¬ 
nical  environment  is. 


11  -  AC  SOMA  tOA  SCUXIIOM 

Hie  obtaining  or  phase  noise  performance  of  an 
oscillator  under  mechanical  environment  reveals  the 
great  Importance  of  the  resonator's  electrical  and 
mechanical  characteristics. 


11.1  Influence  nf  the  electrical 

{  static  measurement  ) 


without  acceleration  awl  vibrations,  tins  spec¬ 
tral  purity  or  an  oscillator  is  characterized  by 
ft  fo  ),  defined  as  the  ratio  between  the  effective 
phase  noise  power  t  in  a  sideband  1  in  a  1  II*  window 
at  a  distance  fm  from  tlie  carrier  and  a  total  puwer 
of  the  signal.  In  this  cnse.X  (  fm  1  is  expressed 
in  dOc  /  II*. 


However,  the  phase  noise  performance  close  to 
the  carrier  depends  on  the  value  of  loaded  rosunntur 
Q.  The  cxpcrimentol  phase  noise  measurement  (figures 
1  and  2)  chows  that  the  effective  reoonatur  Q  in 
typically  50  per  centuf  the  unloaded  resonator  U.  lr< 
these  conditions,  the  crystal  cut  selection  is  quite 
important,  so  nt  CCPC,  wo  choose  AT,  01  or  SC  cuts. 


CH2427-3/87/0000-413  51.00  C  1987  IEEE 
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figure  t 


Numerous  studies  ha«©  been  devoted  t«  fore #  fre- 
tjoeocy  effect  and  aerejeratintt  sensitivity  of  quart* 
regaaatnrs,  It's  net  necessary  t©  remind  here  Ihn  then- 
ritual  results.  Rut  evpenmental  analysis  no  a  lot  wf 
resonator*©  batch  enable  us  t©  conclude  that  the  g  sen- 
sitlvity  is  spending  en  the  meuntinq  support  i  2.'  nr 
4  paints  )  and  the  know-how.  though  the  orientation 
of  the  support  is  optimised,  manufacturing  limits  in¬ 
volve  a  large  dispersion  reocetning  the  g  sensitivity 
t  1.10’,B  '  g  t©  8.1B’,B  *  g  ». 


Mwmtltvlty  mkttutrmmM  •tlhnd 


Under  an  environmental  disturbance,  the  resonator  ran 
tie  used  as  an  acceleration  tranter,  with  this  ap. 
proaeh  a  new  teetmie  af  g  sensitivity  measurement  tias 
tieen  improved  t  synoptic  figure  3  t, 

SYNOPTIC 

figure  J 


11.2  Influence  of  the  mmehawlcml 

<  dynamic  measurement  ) 


Ihe  static  phase  noise  performances  observed  on 
oscillators  are  spoiled  wtien  they  are  exposed  to  me¬ 
chanical  ami  acoustic  environment  tests. 


11.2.1  Pagrmdmtlon  due  to  random  vibration 

t  carrier  than  I  KIU  } 


A  phase  noise  built  up  from  the  earner  to  iKif* 
depends  on  the  g  sensitivity  of  the  resonator  (  if  not 
limited  by  the  natural  noise  of  the  oscillator  t 


6  :  nceolerooctric  sensitivity  of  the  resonntor 
To  s  nominal  frequency 

A  max  sVT  VA*ros  :  peak  acceleration  value 
fv  :  vibration  frequency 


In  order  to  obtain  the  g  sensitivity  evaluation,  the 
crystal  oscillator  is  submitted  to  n  random  spectrum 
<  figure  a  ). 
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Ihe  pe«er  spteirel  density  slope  is  fixed  *0  12  d8*aci. 
In  inis  esse,  the  theory  shows  thst  the  phase  noise 
obtained  with  the  spectrum  presents  an  increase  of  the 
noise  finer  ffig  a'  which  depends  «*n  tlie  q  sensitivity 
«f  the  reseller.  With  this  method,  the  limit  at  ten  is 
about  5.10'u»g  and  the  accuracy  is  evaluated  ta  *  155. 

11.2.2  ggwddlw  due  In  the  mlcrgghanlem  menmitlvlty 

<  2  Kite  up  ta  20  KH*  1 

One  of  aur  K  A  0  matters  is  to  reduce  the  volume 
of  oscillators,  ihe  consequence  is  a  reduction  a f  ti»e 
acoustic  insulation  that  the  oscillator  case  provides, 
at  the  level  of  the  resonator. 

Also,  in  order  to  minimise  the  acoustic  pertur¬ 
bation,  it  follows  froo  the  above  mentioned  remark  that 
the  ruture  resonator  structure  must  present  one  first 
aeons* te  resonance  beyond  15  Kit/,  ruute  elements  mode- 
ll/ation  and  experimental  results  t  table  1  1  shew  that 
the  best  solution,  with  a  classical  package  t  1C  *0  >, 
is  a  plate  quart/  on  a  A-post  support.  (2  land  (  5  1 


Ihe  experimental  acoustic  tests  are  performed  in  a 
aoeehaic  chamber  I  figure  A  t. 


figure  f, 


Unfortunately,  decrease  of  the  resonator  acoustic  sen- 
sittvity,  implies,  today,  a  degradation  of  the  aece- 
lerometric  sensitivity.  In  fact,  *e  see  that  the  resa- 
nator  choice  for  one  oscillator  is  depending  on  phase 
noise  performances  requirements  but  also  on  the  vibra¬ 
tion  and  acoustic  environment  requirements. 
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Ihe  remarkable  progress  in  tbeontical  modell/a- 
tlon,  test  bench  and  measurement  systems  allow  to  gain 
an  understanding  of  tlw  behaviour  of  pie/eeleetrie 
oscillators.  New  scientific  technics  are  based  on  the 
separate  analysis  of  respectively  electronic  and  mecha¬ 
nical  parts  in  order  to  optimize  the  electrical  perfoi- 
maoces. 

1 1 1.1  electronic  concept 

All  crystal  oscillator  circuits  may  be  conside¬ 
red  ns  two  essential  parts  s 

-  a  feedback  network  that  pruvldes  positive 
feedback  at  the  frequency  uf  oscillator, 

-  an  amplifier. 

Tor  some  kind  uf  oscillators,  an  additional  part 
most  be  considered  :  the  switch  circuit. 

11 1. 1.1  f ocdback  network 

The  oscillator  is  a  Clapp  type,  eoabined  with 
n  selecting  circuit  in  order  to  suppress  the  fundamen¬ 
tal  Node  and  undesirable  overtone  node. 


415 


Go  figure  7  Is  representatcd  Ute  detailed  schematic 
diagram. 


figure  7 


in  order  to  commutate  rapidly  the  fif  output  signal, 
m  UU8  ease.  Cl  PC  has  developed  a  switch  circuit  in 
Dll  16  package. 

Ihe  main  characteristics  ere  : 

-  attenuation  i  >  70  dO 

-  switch  time  :  *  y*s 

-  Rf  signal  leakage  on  switch  control  :•  -  fZ'dlU# 
111.2  Hut  an  noise  results  without  vibration 

Ihe  oscillator  circuit  configurations  described 
above  permit  to  meet  successfully  the  phase  noise 
specification.  One  example  of  phase  noise  performance 
is  given  an  figure  9,  up  to  1QQ  Kltt  and  on  figure  10 
up  to  5  Htli. 


til. 1.2  Amplifier  circuit 


Ihe  phase  noise  performance  involves  that  we 
make  a  signs  riant  progress  in  the  noise  level  uf  dif¬ 
ferent  electronic  parts  <  DC  supply,  amplifier  ...  ). 
We  have  selected  for  the  most  part  of  CCPI  oscillators 
one  eowion  base  type  amplifier  with  a  selective  cir¬ 
cuit  adaptation  at  the  input  and  output. 

Ihe  figure  0  shows  a  shemaUc  diagram. 


r lguro  8 

typical  characteristics  are  as  following  : 

-  gain  f  50  oluns  :  13  dB 

-  band-pass  (  at  3  dQ  }  =  3  Mil* 

-  Insulation  :  -  25  d8 


f igure  9 


III. 1.3  Optional  switch  circuit 


Figure  10 


Ihe  phase  noise  test  bench  is  shown  on  figure  11. 


for  some  applications,  it  is  interesting  to 
include  after  the  output  amplifier  a  switch  circuit 
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PHASE  NOSE 


figure  11 

HI. 3  Hechanleai  conceal 

Ihe  main  preoccupation  la  to  Halt  the  phase  noi¬ 
se  degradation  during  the  acoustical  and  random  vibra¬ 
tion  testa.  As  we  have  seen  above,  after  Ute  resonator 
selection,  the  phase  neir.e  performance  is  directly  lin¬ 
ked  with  an  acceleration  density  applied  to  the  resona¬ 
tor.  In  this  case,  it  la  clean  that  It  la  very  Impor¬ 
tant  to  identify  the  mechanical  behaviour  of  the  pac¬ 
kage  and  or  the  printed  circuit  during  the  test. 

finding  the  heat  mechanical  configuration  invol¬ 
ves  one  finite  cleaenls  modelUatlon  {  figures  1Z  and 
13  ). 


new  confirm  that  we  are  able  to  evaluate,  in  first 
step  the  frequencies  of  our  structures  and  in  second 
step,  we  can  establish  at  circuit  level,  a  cartogra¬ 
phy  of  the  acceleration  isovalwes  for  a  fixed  direc¬ 
tion  (  figure  14  ). 


Si?. 
»-*•«  *■»* 


« 

«•»  *•**» 


It 


li 

et 

Sir 


Ihio  information  can  be  used  in  theory  to  calculate 
the  resultant  phase  noise  degradation. 

figures  15,16,  17  and  10  meet  the  typical  phase  noise 
performance  Tor  one  XD  oscillator  during  the  acoustic 
and  random  vibration  tests. 


figure  12 
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1)  frequency  range  s  HHJ  ta  I1!)  KH* 

21  frequency  stability  s  •.  '•■'0m' 

V  DC  sutrply  :  12  V  *  6  % 

a)  Out  [ml  power  :  10  Ute  *  1,6  03 

5)  nr  signal  leoknge  Uimigli  teramal  :  -  6 
6}  Uectroaagnetie  box  oUenustiun  :  fl'»  *S0 
75  rtiase  name  without  vibration 

10  II/.  -  O'.  03e  /  11/ 

100  11/  -  120  iJPe  11/ 

1  Kll/  -  1'-0  03c  lli 

lOKIIz  up  to  SKII/  -  UO  00c  /  Hi 

05  Phase  noise  with  random  vibration  ,  spet 
of  IV. 3.1 


spectrum 


11)0  Hz 


-  0r.  00c  ,  11/ 

-  96  dlle  t  11/ 

-  r.O  00c  /  11/ 

-  160  00c  /  11/ 


Points  1-6  are  spec! Tied  under  environmental 
conditions 


*-»•**•  -»  v  a  44' 

TV-  i  - -- 


IV. 2  Dimensions  (  fiijores  19  and  20  ) 


rsti>.v;>  imi  > 


20  x  60  x  60  ram 


Height 


figure  17 
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r igure  20 


IV. 3  Cnvlrnt— mini  eundiUuoa 

1)  Random  vibration  spectrum  :  1.5  q  ras 

0,05  g2  /  II*  near  50  Ha: 

ICf6  g2  /  II*  free  1  Kll*  lo  3  Wise 

2)  Acoustic  spectrum  :  90  dfl  max 

3)  Ripple  on  DC  supply  :  1  nV  rma 

A)  functional  temperature  range  :  -  40  to  85°C 
5)  Storage  temperature  range  :  -  55  to  +  105°C 

V  -  CONCLUSION 


Before  the  wide  variety  of  military  applications 
far  crystal  oscillators,  CCPC  has  used  thcorical  and 
experimental  means  in  order  to  take  into  account  the 


n«*  technical  environmental  specifications  and  te 
concept  new  oscillators  with  the  choice  of  the  best 
technical  compromises. 

these  means  are  the  mere  as  important  in  order 
to  reduce  the  else  of  the  futur  oscillators,  it  will 
he  necessary  to  use  new  materials  1  ceramics,  electro¬ 
nic  suhtrats,  new  aluminium  alloys  ...  1. 
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Aiauaac 

Flicker,  or  1/C  noise  In  Just  one  component,  the 
acoustic  resonator,  Is  the  dominant  source  of 
frequency  fluctuations  In  a  well  designed  oscillator 
using  a  bulk  acoustic  wave  or  surface  acoustic  wave 
device.  Measurement  of  resonator  noise  allow* 
prediction  of  oscillator  noise  and  performance 
Improvements  through  selection  of  devices. 

Ueson*  model  for  oselllator  noise  Is  reviewed,  then 
modified  to  Incorporate  the  effect  of  resonator  noise. 
Typical  oscillator  spectra  are  examined  using  the 
model.  Two  models  for  resonator  noise  are  discussed, 
and  data  prenented  demonstrating  that  the  cause  of 
resonator  Instability  Is  center  frequency 
fluctuation*,  not  phase  fluctuations.  Tits  effect  of 
loaded  Q  on  oscillator  and  resonator  noise  Is 
discussed. 

Three  means  to  measure  resonator  noise  are  reviewed, 
these  being,  Installing  the  resonator  In  an 
oscillator,  a  dual  resonator  bridge,  and  a  single 
resonator  bridge.  Calibration  of  each  method  is 
discussed  and  a  simple  calibration  method  for  the 
single  resonator  bridge,  which  lends  Itself  to 
automated  testing,  Is  proposed.  Koise  floor 
limitations  of  the  threo  methods  are  analysed,  and 
typical  levels  to  be  expected  sre  given,  A 
correlation  technique  to  further  improve  the  noise 
floor  Is  suggested.  An  Improved  single  resonator 
bridge  which  automatically  sets  and  holds  quadrature 
for  fast,  temperature  stable  measurements  is 
presented.  Use  of  a  commercial  phase  noise 
measurement  system  to  improve  accuracy  and  ease 
calibration  Is  discussed. 


InKcducslpn 

A  problem  chat  has  plagued  oscillator  designers  for 
years  Is  chat  of  accurately  predicting  phase  noiso, 
Parc  of  cho  difficulty  is  In  modeling  the  oscillator, 
an  Inherently  nonlinear  circuit.  One  must  also  know 
the  noise  levels  generated  by  each  component  In  the 
oscillator.  Shot  noise  sources  are  very  predictable 
but  1/f  (flicker)  noise  sources  can  vary  orders  of 
magnitude  between  seemingly  identical  components.  If 
one  component  dominates  the  oscillator  phase  noise,  It 
may  be  possible  to  select  devices  to  improve 
performance. 

In  oscillators  utilising  acoustic  resonators,  chroo 
primary  noise  contributors  have  been  observed.  The 
noise  of  the  oscillator  at  large  offsets  from  the 
carrier  Is  limited  by  the  shot  and  thermal  noiso 
generated  by  the  amplifier  circuit  In  the  oscillator 
and  any  buffer  amplifiers  following  Che  oscillator.  A 
region  of  1/f  power  spectral  density  may  be  soon,  ns 
In  Figure  1,  also  being  generated  In  cho  oscillator 
circuitry  or  the  buffer  amp.  In  most  oscillators, 
l/£s  or  1/f2  spectral  densities  can  be  observed, 
which  may  bo  caused  by  the  conversion  of  1/f  and  vhice 
phase  fluctuations  in  the  oscillator  circuitry  to 
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frequency  fluctuation*  at  offset  frequencies  less  than 
the  resonator  half  bandwidth.  Generally,  the 
oscillators  being  discussed  here  do  not'  exhibit  a 
1/f2  region,  but  do  exhibit  a  region  of  1/f2 
spectral  density,  because  the  oscillator  circuitry  is 
dominated  by  l/f  noise  at  offsets  Inside  the  narrow 
bandwlth  of  the  resonant  circuit.  Short  ten*  1/f 
frequency  fluctuation*  of  the  resonator  also  result  In 
a  1/f2  spectrum,  and  are  usually  the  dominant  cause, 
of  this  behavior  in  the  oscillator.  If  care  has  been 
taken  (n  the  design  co  reduce  the  contribution  of 
other  noise  source**'2.  Kecause  the  level  of 
noise  In  the  1/f2  region  Is  critical  to  the 
performance  of  mAny  systems,  the  resonator  performance 
must  be  specified. 


Figure  1,  Typical  crystal  oselllator  phase  noise 
spectrum. 


Uhen  discussing  phase  noise,  a  variety  of  measures  are 
used.  In  the  frequency  domain,  the  most  common  are 
single  sideband  power  spectral  density  to  carrier 
power  ratio  ,  jC(C) .  power  spectral  density  of 
phase  fluctuations,  S^(f),  power  spectral  density 

of  frequency  fluctuations,  S^f),  and  the  power 

spectral  density  of  fractional  frequency 
fluctuations,  S^ff).  Since  manufacturers  of 

oscillators  and  signal  generators  tend  to  use 
■£(().  that  will  be  used  here  to  in  ordor  co 
simplify  comparison  of  various  sources.  Ocher  noiso 
measures  may  bo  preferrable  co  .£(£)  for  a  given 
application,  but  mainly  £(£)  Is  used  for  clarity. 
Equations  to  convert  between  £(£)  and  the  other 
meusures  mentioned  are  supplied  below,  with  the 
caution  that  tho  conversions  are  only  valid  for  small 
angle  modulation  (total  carrier  phase  modulation  much 
less  chan  one  radian). 

■£<£)-l/2*S^(£)  (1) 

£(£)-l/2*Sv(£)/£*  (2) 
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(3) 


xco-i^yocyn* 

The  carrier  frequency  is  denoted  by  Wg.  and  f  is 

the  frequency  offset  fro*  the  carrier.  Graphs  of 
X(f)  in  this  paper  will  be  presented 
logarithmically  in  dSc/)t:,  but  equations  will  be  in 
the  linear  for*  to  simplify  the  presentation. 


The  Relationship  8*tveenKeicnatgg_Kelie_ABd 
OsclUstor  Kolse 

Leesons  model  for  oscillator  noise  considers  the 
oscillator  as  a  phase  servo  loop,  where  the  frequency 
of  oscillation,  wQ,  U  adjusted  so  that  the  total 

phase  shift  through  resonator  and  amplifier  is  an 
Integer  multiple  of  2«  radians*.  If  a  phase 
disturbance  occurs,  then  the  frequency  must  shift 
accordingly.  In  using  the  model,  it  is  often  assumed 
that  the  amplifying  stage  Is  the  dominant  source  of 
phase  fluctuations,  and  consists  of  a  combination  of 
white  and  1/f  noise.  The  single  sideband  phase  noise 
due  to  the  amplifier  is  usually  described  by  an 
equation  of  the  form 

xa<f)-  x„(i)/f  ♦  m/r#  <*> 

where  HcT/F^  represents  the  white  noise  level  and 
X^d)  the  1/f  noise  level  at  l  lit.  Referring  to 
Figure  2,  the  noise  at  oscillator  ououc  1  is 

Vf)"Vf,a*(VJV,,>  <S) 

where  the  loaded  Q  of  the  resonator.  If  the 

output  is  caV.en  at  2,  the  resonator  will  filter  the 
noise  outside  the  half  bandwlth,  so  that 

V£)“VCKU(V3qiC>,)/tl*(3VA'o)S)  <6) 

simplifying  to 

X0(f>~  Xa(f)(u0/2Qlf)»  t7) 


•  I  *.  ) 


Figure  2.  leesons  model. 

This  behavior  cannot  be  observed  at  large  offset 
frequencies  because  ocher  noise  sources,  such  as  buffer 
amplifiers  are  dominant.  1c  also  Is  Important  cs  note 
that  loaded  Q  can  noc  be  Inferred  from  the  noise 
speccrua  observed  at  the  output  of  the  resonator 
because  of  the  cancellation  of  the  l+(i/g/2Q^f)5  term. 

In  Figure  3,  the  noise  described  by  equations  6-7  is 
plotted. 
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Figure  3.  Oscillator  noise  calculation. 


Problems  in  using  equations  a. 7  to  predict  oscillator 
noise  arise  because  Xa(f)  has  not  been  properly 

defined.  The  quantity  X^ff)  is  the  single 

sideband  phasa  noise  of  the  amplifier  when  driven  at 
the  same  level  and  with  the  sem«  load  Impedance  a*  in 
the  oscillator  circuit.  In  general.  Equation  6  Is  nor 
valid,  since  rapidly  changing  resonator  impedance 
outside  the  passband  causes  the  amplifier  noise  to  be 
a  function  of  offsec  frequency,  making  it  wrong  to 
assume  that  X^ff)  consists  of  Just  1/f  and  white 

noise  spectral  densities.  Equations  5  and  7  are 
Still  valid,  since  no  assumpions  were  made  as  to  the 
nature  of  xa(f). 

Resonator  1/f  nolso  can  dominate  the  oscillator  noise, 
if  larger  than  that  of  the  amplifier.  Figure  6 
superimposes  resonator  phase  noise  on  the  oscillator 
noise  predicted  with  and  without  a  noisy  resonator. 
Inside  the  half  bandwidth,  the  resonator  noise  is 
increased  by  the  factor  (mg/J^f)*,  outside 

the  half  bandwidth  the  resonator  noise  is  decreased 
by  the  same  factor,  as  it  filters  its  own  noise.  This 
is  similar  to  Equation  7,  and  a  continuous  30 
dB/decade  slope  will  be  observed  around  the  half 
bandwidth.  The  oscillator  noise  will  be  the  sum  of 
resonator  caused  noise  and  amplflor  caused  noise, 
which  can  be  written  as 

Vf>-Xr<C>(WS 

♦x.ffxuoyaQ^)*)  (8) 


1  *  ’  •  » .  v 


Figure  4.  Resonator  caused  oscillator  noise. 
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If  Amplifier  noise  (a  not  filtered  by  the  resonator, 
or 

yf>-yc><V2<Ji  o» 

*VC>W’  (0) 

If  It  1*.  .£..(0  1a  the  resonator  noise  referred  to 
it*  Input.  * 


Modeling  Resonator  Folse 

Resonator  noise  can  he  Modeled  as  either  fluctuations 
In  resonant  frequency,  or  phase  fluctuations,  which 
will  Also  cause  oscillator  frequency  fluctuations. 
Lesson*  Model  assumes  e  phase  disturbance  In  the 
oscillator,  so  this  Is  9  possible  resonator  noise 
Model  to  evaluate.  Figure  5  Illustrates  the  phase  va. 
frequency  response  of  a  staple  resonator  that  has  been 
phase  Modulated  by  A8.  In  an  oscillator,  the 
frequency  will  change  aueh  that  phase  shift  around  the 
loop  returns  to  an  Integer  Multiple  of  2s  radians. 

The  astounc  of  frequency  shift  Is  Inversely 
proportional  to  dO/dj,  the  phase  slope,  which 
equals  2Q As  seen  on  right  side  of  figure 

5,  a  lover  Q  oscillator  will  have  larger  frequency 
fluctuations.  The  phase  fluctuations  of  the  resonator 
will  not  change  with  loading  of  Q,  If  It  behaves  as 
described  here. 


HIGH  04 


Figure  5.  Resonator  phase  fluctuations. 


LOW  Qt 


Figure  0.  Resonator  frequency  fluctuations. 


Figure  6  Illustrates  a  resonator  exhibiting  resonant 
frequency  fluctuations.  The  oscillation  frequency  will 
crack  that  of  the  resonator.  In  order  to  oalntaln  a 
constant  phaso  shift  around  the  loop.  Loading  the 
resonator  does  not  affect  the  aaount  of  oscillator 
frequency  shlfc,  as  on  the  right  side  of  Figure  6.  It 
follows  that  oscillator  noise  will  be  Independent  of 
losded  Q,  just  the  opposite  of  the  previous  sodel.  It 
Is  Important  to  note  that  In  this  case  resonator  phase 
fluctuations  decrease  with  loading,  being  proportional 
to  dO/dji.  For  oscillators  where  resonator  noise 
dominates,  behavior  Indicating  that  resonator 
frequency  fluctuations  arc  the  ncchanlsa  has  been 
observed1'4.  An  exaaple  of  this  behavior  Is 
Figure  7,  where  the  phase  fluctuations  of  a  VIIF 
crystal  resonacor  has  been  reduced  6  dB  by  lovering 
tho  loaded  Q  a  factor  of  two. 

This  result  has  soae  loplh-atlons  for  prediction  of 
oscillator  nolso.  If  oscillator  fluctuations  are  to 
be  predicted  froa  censured  resonator  phase 
fluctuations, the  aeasured  resonacor  noise, 
oust  be  seeled  by  the  factor 

because  phase  fluctuations  depend  on  loading,  and  the 
oscillator  0  j  will  probably  bo  different  than  Ola¬ 
the  loaded  Q  in  the  aeasuretuent  circuit.  Equation  10 

defines  t  (f)  in  terns  of  t  (f).  Including 
r  rn 

tho  effect  of  a  different  Q^. 
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CIO) 


Since  Zf(0  has  been  defined  here  as  the  noise 

referred  to  the  Input  of  the  resonator,  the  measured 
resonator  noise  has  the  filtering  effect  of  the 
resonator  removed  by  multiplying  by  the  reciprocal  of 
the  renonacor  transfer  function,  11(f),  where 

H(f)  -  l/(l4(2()l((if/o0)J)  (11) 

which  accounts  for  the  additional  faetor  In  Equation 
10.  Oscillator  noise  can  be  predicted  using  Equation  i 
or  9,  If  *r(f)  1*  defined  as  In  (10).  If  the 

right  hand  side  of  equation  10  Is  substituted  Into 
equations  8  and  9,  they  become 

V£)HCr«<0<,'o/JQimf>,/M<c> 

+XA(f  )  (!♦  («o0/aQif  )*>  (12) 

at  output  1  ami 

VC)'*r«<fHV3Ql-f),/,,<0 

4X#(f)(u(/20lf)»  (15) 

at  output  2.  Note  that  the  resonator  noise  term*  are 

Independent  of  the  oscillator  loaded  Q,  as  expected, 
since  the  resonator  exhibits  frequency  fluctuations. 

a*  *»','•>  (-"•*>“*  ».  .  ■'.¥»»;  «h-K 

^  *e>  *****  **  -  *  J«  *»«  *>*  i«  »«<  1*4“  •%  •»  #<  V*  •»»  ft 


£  >  *t>.  \  \  I  I  *»4 


Figure  7.  Effect  of  loaded  Q  on  resonator  phase 
fluctuations 

Equations  8,9,12,  and  13  can  be  simplified  somewhat  If 
resonator  noise  Is  expressed  as  frequency 
fluctuations,  S^ff).  The  first  term  on  the  right 

hand  aide  of  all  the  equations  can  be  replaced  with 
S^r(f )/2C*  which  equals  the  tingle  sideband 

noise  caused  by  the  resonator.  Kote  that  there  la  no 
Qj,  present  because  the  frequency  fluctuations  are 

Indptndent  of  Q.  A  Modified  version  of  Leesons  nodal 
to  account  for  resonator  frequency  fluctuations  Is 
shown  In  Figure  6. 

Summarising  this  section  - 

Resonator  noise  should  be  modeled  as  center  frequency 
fluccuaclons  of  the  device. 

Oscillator  noise  Is  Independent  of  loaded  Q,  when 
resonator  noise  doalnates. 

Since  resonator  phase  fluccuaclons  are  proportional  to 
Q,t ,  any  aeasureaenc  of  resonator  phase  fluccuaclons 

ausc  include  a  aeasureaenc  of  the  loaded  Q  In  the 
test  fixture.  To  avoid  having  to  specify  Q^,  the 


/  « 
■ , 


, 


Figure  8.  Modified  Us  so  ns  Model. 

oscillator  noise  caused  by  the  resonator  can  be 
calculated  froa  a  resonator  phase  fluctuation 
aeasureaenc,  or  measured  directly  in  an  oscillator. 

Lessons  model  can  be  modified  to  Include  resonator 
phase  fluctuations,  and  to  account  for  differences  In 
loaded  Q  between  the  oscillator  and  the  resonator 
phase  fluctuation  measurement. 


Oscillators 

The  moat  common  method  of  specifying  the  noise  level 
of  a  resonator  Is  to  Install  the  device  under  test 
(OUT)  Into  the  final  oscillator  circuit,  and  measuring 
the  latters  phase  noise.  This  Is  the  safest  method 
to  guarantee  producing  oscillators  with  a  given  level 
of  phase  noise,  but  Is  not  general  purpose,  being 
specific  to  a  given  oscillator  design,  and  may  not  be 
the  beac  method  for  a  resonator  vendor  to  use.  One 
solution  to  this  problem  lx  to  build  the  oscillator 
with  a  broadband,  50  Ohm  lnpuc  and  output  Impedance, 
low  noise  amplifier,  a  limiter,  an  overtone  selector 
(band  pass  filter),  and  a  matching  network  for  the 
resonator.  Driscoll  has  reported  on  this  type  of 
oscillator,  which  simplifies  characterisation  of  the 
various  oscillator  components*.  At  low  offset 
frequencies,  resonator  noise  should  dominate,  yielding 
the  saae  result  as  In  the  original  oscillator  circuit. 
One  advantage  of  the  oscillator  method  Is  that  It 
allows  direct  measurement  of  resonator  frequency 
fluccuaclons.  It  Is  not  necessary  to  measure  loaded  Q 
to  determine  oscillator  noise,  although  It  can  help 
verify  the  test  system  performance. 

Tills  cype  of  test  requires  a  reference  source  which 
must  have  either  lower  noise  than  the  9UT  or  be  a 
known  quantity,  in  order  to  determine  the  DUT  noise.  A 
phase  detector  is  used  to  generate  a  voltage 
proportional  to  the  phase  fluccuaclons  of  the  sources, 
which  Is  amplified,  as  In  figure  10.  The  power 
spectral  density  of  the  output  voltage  Sy(f)  .which 

can  be  observed  using  a  speccrua  analyser.  Is  related 
to  the  oscillator  single  sideband  noise  to  carrier 
ratio,  jC0(0,  by 

Zo(f)-  Sv(f)/2(K^G)»  (») 

To  maincain  quadrature  at  the  mixer,  It  la  necessary 
to  fora  a  phase  locked  loop  (PLL)  by  feeding  the 
output  voltage  back  to  an  electronic  tuning  input  on 
the  reference  oscillator.  The  PLL  effectively 
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high pass  filters  th«  oucpuc  voltage,  so  either  the 
loop  response  seise  be  corrected  (or,  or  the  loop 
bandwidth  skisc  be  made  much  narrower  than  the 
frequency  oCfstc  of  tncerese. 
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Figure  10.  Oscillator  method. 
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Having  a  need  to  (Mature  the  Inherent  shore* term 
stability  of  crystal  resonators,  Vails  and  Ualnwrlghc 
designed  a  method  to  measure  this  without  the 
Influence  of  oscillator  electronics,  using  a  pair  of 
crystal  resonators  In  a  passive  circuit*.  Figure  ll 
Illustrates  the  system  used.  A  low  noise  signal 
source  drives  two  closely  matched  crystals  at  their 
series  resonant  frequency,  The  resonant  frequency 

and  of  one  arm  can  be  adjusted  to  minimise  any 

difference  In  phase  or  group  delay  between  the  two 
arms.  The  output  of  the  mixer  when  Its  Inputs  have 
been  sec  to  quadrature  will  be  relatively  Insensitive 
to  AH  and  m  noise  of  the  source.  Any  resonant 
frequency  fluctuation  In  either  crystal  will  cause  a 
phase  change  at  the  Input  to  the  phase  detector.  The 
phase  change  for  a  given  frequency  shift  Is 
proportional  to  the  phase  slope  (or  group  delay), 

of  the  devices.  The  power  spectral  density  of 

the  output  voltage  Is  related  to  the  phase 
fluctuations  of  esch  resonator  by 

Xrm<0-  Sy(f)/2(FVC)»  (15) 

As  mentioned  earlier  a  resonator  will  filter  Its  own 
noise,  and  will  h*vo  *n  additional  1/f*  slope 

outside  the  resonator  bandwidth.  The  spectrum 
observed  should  consist  of  a  1/f  portion  and  a  1/f* 

portion  as  In  fig.  12,  a  measurement  of  a  pair  of  125 
MHx  AT  cut  crystals.  The  oscillator  noise  caused  by 
esch  resonator  Is  (as  In  Equations  12  and  13) 


Figure  11.  Dual  resonator  bridge. 


>  !•«>  Uft  >*!»  .»  «i>u«  *tt 

Figure  12.  Dual  resonator  bridge  measurement. 

Single.  Keignaiox.  .acidic 

To  avoid  the  ambiguity  of  measuring  two  resonators 
against  each  other,  Elliot  and  Dray  developed  a  method 
to  moasure  phase  noise  requiring  only  one 
resonator1.  The  task  of  tuning  a  second  resonator 
to  match  the  OUT  Is  also  avoided.  Illustrated  In 
Figure  13,  this  system  consists  of  a  very  low  noise 
signal  source,  a  splitter,  a  variable  phase  shifter, 
one  resonator  (the  DU?),  and  a  phase  detector.  Ulth 
its  two  input*  sec  to  quadrature,  any  phase 
fluctuations  caused  by  the  resonator  will  produce  a 
proportional  voltage  at  the  oucpuc  of  the  phase 
detector.  Tills  relationship  Is  described  by  equation 
IS,  the  same  as  with  the  dual  resonator  bridge. 
Oscillator  noise  caused  by  the  resonator  can  be 
calculated  using  equations  16*18, 


Vf)’*rm(f)(V2QlaC)VM(t)  tt«> 

or 

Zo<r,“<Sv(f)/J(V)*>(*'0/2QlmC)*/H(f)  O?) 

for  offset  frequencies  mueh  less  than  the  resonator 
half  bandwidth.  Equation  8  simplifies  to 

Xo(f)-(Sv(£)/2(y)*)(w0/2Qlaf)> 


f<V2Qlm  (18) 

In  this  measurement,  the  reference  Is  a  resonator, 
which  mutt  have  very  low  or  known  noise,  slnco  the 
total  noise  of  both  units  is  measured.  Measurements 
of  three  devices  In  three  combinations  can  be  used  to 
determine  the  noise  of  the  reference  resonator. 
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Flgure  13.  Single  resonator  bridge. 
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Tht  system  wlU  Also  acc  as  a  frequency  discriminator, 
aim!  will  produce  sn  ouepue  proportional  co  Any  source 
frequency  fluccusctons.  In  fact,  cite  discriminator 
sensitivity  co  source  frequency  fluctuation*  Is 
exactly  the  *a m  as  the  sensitivity  to  resonator 
frequency  fluctuations,  being 

Sv<t)-lw(f)(^«)*«Q,-/^0)*M(f)  CW) 

where  S^(f)  can  be  either  reso^tor  frequency 

fluctuation*  or  source  frequency  fluctuation*.  If 
Equation  19  is  solved  for  5y(f),  then  converted  co 

£0(f)  using  Equation  2,  the  result  Is  identical 

to  Equation  17.  A  250  .Hilt  SAW  resonator  Is  Measured 
using  the  single  resonator  bridge  in  figure  H. 


figure  1*.  Single  resonator  bridge  measurement. 


SAllbrailcii 

Calibration  for  any  of  the  three  Methods  described 
requires  Measuring  the  phase  detector  sensitivity, 
and  AMpllfler  gain  C.  The  loaded  Q  of  the 

resonator  In  the  test  circuit  »u*c  be  Measured  for 
either  bridge  circuit,  In  order  co  calculate  resonator 
caused  oscillator  noise.  In  addition,  resonator  Q 
And  center  frequency  nust  be  Matched  co  reject 
source  noise  for  the  dual  resonator  Method. 

These  Detector  Caltbmlon 

Tit*  easiest  way  co  calibrate  for  the  oscillator 

Method  is  to  offset  the  frequency  of  the  reference 
oscillator  relative  co  the  DUT  oscillator  and  Measure 
the  beatnoce  out  of  the  phase  detector.  For  a 
sinusoidal  beatnoce,  the  peak  signal  voltage  Is  equal 
to  In  V/radlan.  for  other  shapes,  can  be 

determined  from  the  slope  of  the  detector  uuepue  at 
the  sero  crossing.  The  positive  and  negative  slopes 
may  not  be  the  same,  so  whichever  is  used  In  the 
Measurement  is  the  one  co  be  Measured.  As  the 
beatnote  signal  can  saturate  the  LNA,  It  aay  be 
necessary  co  switch  In  an  attenuator  before  the 
ampllfer  during  calibration,  or  measuring  the  dececcor 
constant  and  amplifier  gain  separately.  The  beatnoce 
Method  can  also  be  used  In  the  bridge  Boasuroaents,  by 
substitution  of  an  equal  level  signal  source  for  the 
signal  coalng  froa  che  splitter. 


Another  way  that  a  second  RF  source  can  be  used  for 
calibration  of  Is  co  Add  a  spur  onto  the  carrier 

using  a  coupler  at  the  detector  Input.  The  level 
relative  co  the  carrier  at  the  detector  Input  must  be 
measured.  It  can  be  shown  that  the  spur  consists  of 
equal  level  AM  and  PH  components,  each  containing  half 
of  the  power.  Tito  phase  detector  usually  rejects  AM 
by  20  d&  or  More,  ao  Juac  the  PM  Is  detected,  for 
example,  a  -AO  d8c  spur  results  In  .01  radian  peak 
phase  deviation  at  the  detector  Input,  and  a  peak 
voltage  at  the  output  of  (,01)K^  Volts.  This  method 

should  generally  give  better  results  than  the 
substitution  of  a  second  source,  because  che  system  Is 
sec  co  quadrature  and  configured  exactly  as  It  would 
be  In  the  noise  Measurement,  except  a  small 
perturbation  has  been  added  (the  apur).  The  apur  can 
be  made  small  enough  that  the  I-*'A  will  not  saturate, 
allowing  simultaneous  Measurement  of  and  C. 

Any  Means  co  Incoduee  a  calibrated  phase  shift  can 
also  be  used  co  measure  R^.  In  che  bridge  circuits, 

if  Another  Rf  source  Is  not  Available. 
l-oatiedO  Measur atom 


The  loaded  Q  of  the  resonator  should  be  measured  under 
condition*  Identical  co  the  test  circuit.  Tills  may  be 
don4  by  Measuring  che  amplitude  after  the  resonator  and 
varying  the  aource  frequency  to  determine  the 
bandwlch.  Another  possibility  la  co  use  a  vector 
voltmeter  or  network  analyser,  and  directly  meaaure 
the  phase  slope  at  resonance,  where  dfl/dMQj^/i/g. 

A  different  approach  uses  the  bridge  to  measure  the 
resonator  bandwidth.  If  second  Rf  source  Is 
available,  It  can  be  used  co  Injecc  a  spur  before  the 
resonator.  The  resultant  phase  modulation  la  filtered 
by  the  resonator  then  detected.  Ry  sweeping  the  apur 
frequency,  the  resonator  bandwidth  can  be  observed  at 
the  bridge  output  using  a  spectrum  analyser. 

AdtH  clcna  l-Cailhraclon 

Additional  calibration  steps  are  required  by  the 
oscillator  and  dual  resonator  bridge  techniques. 

Because  an  oscillator  measuremenc  requires  a  FIX  co 
hold  quadrature  ec  the  phase  dececcor,  frequency 
response  effects  of  the  loop  muse  be  accounted  for.  If 
measurements  are  to  be  made  at  offset  frequencies 
close  co  che  loop  bandwidth.  Tills  Involves  injecting 
an  error  algnal.  into  the  loop  and  measuring  che 
response.  Measured  noise  data  must  then  be  divided  by 
the  loop  geln.  Tills  cask  is  tedious,  but  is  handled 
readily  by  an  automated  phase  noise  measurement 
system,  as  was  used  co  make  che  measurements  In  this 
paper. 

To  achieve  maximum  performance  from  che  dual  resonator 
bridge,  che  two  resonators  muse  be  matched  closely  In 
frequency  and  Q.  To  natch  che  resonator  frequencies, 
an  Iterative  procedure  can  be  used,  flrsc.  che  source 
frequency  should  be  adjusted  to  maximise  che  signal 
through  che  resonator  not  being  tuned.  An  ispcdance 
equ.'valenc  co  che  crystal  at  resonance  can  be 
substituted  for  the  DUT.  This  allows  an  approximate 
setting  of  quadrature  using  a  phase  shifter  In  one 
side  of  the  bridge.  Ttio  DUT  can  then  be  placed  In  the 
bridge,  and  Its  frequency  adjusted  to  restore 
quadrature  at  che  phase  dececcor.  A  signal  generator 
with  FM  and  AM  capabilities  is  needed  for  the  next 
steps.  An  FM  modulated  carrier  will  be  dececced  by 
the  bridge  If  the  group  delay  of  the  bridge  arms  arc 
not  equal.  Adjusting  the  Q.  of  the  DUT  for  minimum 
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detected  modulation  signal  at  the  bridge  output  will 
minimize  the  difference  between  the  device*.  It  aay 
be  necessary  to  adjust  the  resonant  freqviency  end 

of  the  DOT  again  If  more  cencelleclon  l*  needed.  AM 
nolle  rejection  cun  be  maximized  by  adjusting  the 
phase  shifter  to  null  out  any  aoduladon  detected  by 
the  phase  detector  with  an  rtaplltude  aodulated  source 
applied  to  the  bridge.  Ac  the  AM  null  there  aay  be  a 
significant  aaount  of  DC  At  the  output  of  the  phase 
detector.  This  ausc  be  checked  to  avoid  overloading 
the  IMA. 


The  calibration  procedure  can  be  greatly  slapllfled  by 
using  the  aethods  described  next.  It  was  previously 
noted  that  the  single  resonator  type  of  aeasureaent 
will  dlscrlalnste  source  frequency  fluctuations  with 
the  saa*  sensitivity  as  resonator  frequency 
fluctuations.  By  setting  quadrature,  then  either 
changing  the  source  frequency,  or  undulating  the 
source  frequency,  a  voltage  change  out  of  the  tslxer 
can  be  measured,  allowing  the  discriminator 
sensitivity,  Kd,  to  frequency  fluctuations  to  be 
deternlned  as, 


<2< 

Kj  Is  constant  for  offset  frequencies  less  than  half 

the  resonator  bandwidth,  but  decreases  sc  larger 
offsets  due  to  resonator  filtering.  Resonator  (and 
source)  frequency  fluctusclons  are  related  to  the 
output  power  spectral  dsnalty,  as  follows. 


Sy(f)-Sv(f)/(Kd)s.  (21) 

Comparing  this  to  equation  19.  It  can  be  seen  that 


(K<J)»-(^C)1(2qu/w0)1H(f).  (22) 

Equation  21  can  also  be  written  In  term  of  oscillator 
noise, 


y*>-sv<f>/a(ncd)».  (23) 

The  imporcenc  features  of  this  calibration  technique 
Is  that  only  one  aeasureaent  Is  necessary  to  calibrate 
the  bridge,  and  that  a  programmable  source,  such  as  a 
low  noise  synthesizer  with  FH  capability  can  bo  used 
to  calibrate  aucoaaclcaUy.  If  the  aoduladon  source 
can  be  swept,  this  can  be  used  to  deceralne  Kd  as  a 

function  of  offset  frequency.  In  Figure  14,  the 
slapllfled  calibration  aethod  was  used  to  d'rectly 
deceralne  oscillator  noise  caused  by  a  resonator.  The 
resonator  was  also  placed  In  an  oscillator  circuit  and 
Measured.  Both  results  are  plotted,  and  show 
excellent  agreement.  Ac  low  offset  frequencies,  the 
results  diverge  somewhat  because  of  differences  In  the 
aeasureaent  setups.  The  discriminator  had  the  crystal 
In  open  air,  which  caused  Increased  theraal 
fluctuations  relative  Co  the  oscillator  aeasureaent. 


The  aeasureaent  syscea  used  has  a  frequency 
dlscrlalnacor  aeasureaent  option  In  the  software  which 
allows  the  user  to  calibrate  using  an  FM  cone.  The 
syscea  measures  the  deaodulaced  voltage  to  deceralne 

Kd>  It  then  assuaes  the  noise  It  aeasures  to  be 

frequency  fluctuations  proportional  to  1/Kd.  It 

can  Chen  plot  che  output  as  j£(f),  or  other 
foraat,  if  desired. 


Figure  14,  Resonator  In  Bridge  and  In  Oscillator 
Noise  Measuteaent. 


In  order  to  examine  the  llalcaclons  of  the  test 
aysceas  discussed,  It  will  be  necessary  to  define  the 
“state  of  the  arc*.  In  Figure  15,  *(1)  data  for  « 
variety  of  acoustic  oscillators  and  resonators  Is 
graphed  vs.  csrrler  frequency.  The  data  was  culled 
froa  the  literature,  aanufaccurers  data  sheets  and 
aeasureaent*  aade  by  the  author.  Only  the  lowest 
noise  dovlces  were  Included,  aore  commonplace  devices 
aay  be  up  to  40  dB  worse.  The  line  drawn  through  the 
data  was  derived  by  asking  the  following  assuapdona 
about  resonaccr  noise.  Flroc,  z  (1)  's  constant 

for  all  carrier  frequencies,  and  that  /  (1)» 

5*10'**-  -223  die,  under  the  condition  that 
Q-Oy"  Employing  equation  16, 

fo(l)-5*10‘‘s(w0/20u)’  (24) 

The  frequency  dependence  of  Qu  In  quarts  can  be 
approximated  ax 

Vlo,,/*'o  (25) 

Substituting  Into  Equaclcn  24, 

£  (1)-  2.5*10’»V  «  (26) 

o  y 

The  line  described  by  Equation  26  appears  to  bo  a 
reasonable  estimate  of  che  best  performance  available, 
although  it  might  be  possible  to  find  a  device  10  db 
beccer  than  this,  since  there  appears  to  be  such  a 
large  variation  In  noise,  even  aaong  Identical  devices 
fabricated  with  the  same  process*'’. 


Figure  15.  /(I)  vs.  carrier  frequency. 
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The  three  methods  to  test  resonator  noise  luv*  similar 
nol««  floor  limitations.  These  are  the  reference,  be 
Ic  on  oscillator  or  another  resonator,  mixer*  ami 
amplifying  stages.  In  oscillator  amt  single  resonator 
bridge  Measurements,  the  reference  is  a  signal  source. 
One  way  to  generate  a  signal  lower  In  noise  than  the 
OUT  Is  to  lock  a  low  noise  synthesizer  to  a  low 
frequency  reference.  The  low  frequency  reference 
noise  Increases  by  the  square  of  the  output  frequency. 
Instead  of  the  fourth  power  of  frequency  observed  In 
fundaaental  oscillators,  as  In  Equation  26.  In  Figure 
15,  the  noise  of  a  high  quality,  multiplied  5  fills 
reference  Is  plotted.  Illustrating  that  the  multiplied 
signal  should  be  adequate  for  measuring  any  source 
above  10  fttls.  Equation  26  can  be  re-written  to 
account  for  frequency  multiplication  by  n,  as  follows 

•fo(l)-2.S*l0‘*»w0«n»  (27) 


The  two  resonator  method  was  developed  to  allow  use  of 
a  source  noisier  than  the  OUT,  cancelling  out  its 
frequency  fluctuations  by  adding  a  resonator  in  the 
other  side  of  the  bridge.  The  second  resonator  then 
becomes  the  reference  against  which  the  OUT  is 
measured.  The  noise  detected  will  be  the  sum  of  the 
noise  of  the  two  resonators, assuming  the  resonator  Q 

factors  have  been  matched  closely  enough  to  neglect 
source  noise.  Here  the  second  resonator  should  be 
selected  for  low  noise. 

The  other  primary  contributor  of  noise  In  resonator 
measurements  is  the  phase  detector  and  amplifier 
noise.  In  oscillators,  the  amplifier  phase 
fluctuations  must  be  much  less  than  resonator  phase 
fluctuations.  Detector  phase  fluctuations  are  not 
critical  here  because  oscillator  noise  Is  much  higher 
ac  the  offset  frequencies  of  Interest.  In  bridges, 
buffer  amplifiers  and  the  phase  detector  must  exhibit 
much  lover  phase  fluctuations  than  the  resonators  to 
be  measured.  Earlier,  It  was  dlseussed  bow  resonator 
phase  fluctuations  are  proportional  to  Qj.  The  more 

the  loaded  Q  Is  decreased,  the  closer  resonator  phase 
noise  will  be  to  Amplifier  and  detector  noise.  In 
this  section,  the  assumption  was  made  that  the  best 
resonators  have  Xr(l)-  *121  dBc  under  the 

condition  that  the  Q,  equals  the  unloaded  Q.  A  more 
likely  condition  might  be  that  Qj-.25  Qu,  which 

will  reduce  the  resonator  noise  by  12  d&  (noise  power 
Is  proportional  to  (Q^)s  ),  to  -135  dBc.  A  low 

level  mixer  or  an  amplifier  may  only  be  as  good  as 
-135  dBc  at  l  Hz.  This  Illustrates  bow  the  noise 
floor  can  quickly  become  limited  because  of  Inadequate 
loaded  Q.  Feedback  amplifiers  and  high  level  mixers 
can  be  used  to  get  better  noise  performance,  as  good 
as  X(l)--145  dBc, up  to  UHF  frequencies. 

Performance  cends  to  degrade  ac  higher  frequencies, 
for  various  reasons. 

In  single  resonator  bridges  and  oscillator 
measurements  1c  Is  useful  to  chink  of  the  noise  floor 
In  terms  of  oscillator  noise.  Tills  allows  source 
noise,  resonator  caused  oscillator  noise,  and 
amplifier  or  phase  detector  noise  converted  to 
oscillator  noise  (either  by  calculation  or  by  an 
osclllacor)  to  be  plotted  on  one  graph,  allowing 
direct  comparison.  When  chinking  In  terms  of 
osclllacor  noise,  resonator  caused  oscillator  nolso 
and  source  noise  will  remain  conscanc,  but  amplifier 
or  detector  phase  fluctuations  are  converted  to 
frequency  fluctuations  inside  the  resonator  bandwidth. 
The  lower  the  Q,  the  wider  the  bandwidth,  the  higher 
the  noise.  This  Is  illustrated  In  Figure  16.  The 


application  of  this  Idea  Is  the  same  for  the  bridges 
and  oscillators.  Tills  is  Just  a  straightforward 
application  of  Equation  •  or  9,  where  detector  or 
amplifier  noise  la  substituted  for  X4(f). 


The  system  noise  due  to  amplifiers  and  the  phase 
detector  for  bridges  can  be  measured  fairly  directly 
by  substituting  an  impedance  equal  to  the  resonator 
Impedance  ec  resonance,  and  then  measuring  the  system 
noise  using  the  calibration  constants,  and 

Qp  or  K'j,  as  were  used  with  the  resonators.  In 

the  esse  of  the  oscillator,  the  loop  must  be  broken, 
then  open  loop  phase  fluctusclons  and  ^  determined, 

In  order  to  calculate  what  the  amplifier  contribution 
would  be. 


Figure  16.  Hols*  floor  degradation  due  to  low  Q. 

Tlie  low  noise  amplifier  following  the  phase  detector 
can  also  sdd  to  the  noise  floor,  unless  It  has  been 
designed  for  low  1/f  noise.  Signal  levels  out  of  the 
phase  detector  should  be  large  enough  so  that  the  WA 
noise  doe*  noc  contribute  slgnlfigancly  to  the 
messuremenc,  while  being  careful  to  keep  lb*  resonator 
drive  level  low  enough  to  avoid  nonlinear  resonator 
operation. 

Determining  the  reference  noise  Is  simply  a  matter  of 
measuring  the  source  phase  noise  for  the  one  resonator 
bridge  and  the  oscillator  methods.  The  dual  resonator 
method  requires  a  comparison  of  three  resonators,  two 
ec  a  time,  to  determine  the  noise  of  the  reference 
resonator,  unless  one  can  be  found  thac  Is  much  better 
chan  any  OUT  to  be  measured. 


Figure  17.  Correlation  Method  To  Improve  b’olse  Floor. 
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Reducrlon  Of  Nets*  By  Cerrelatlen 

Ofv*  petslbls  method  co  Sop co v*  the  noise  floor 
limitations  on  resonator  measurement*  is  to  employ  a 
correlation  technique.  The  system  shown  (n  Figure  17 
measure*  the  nolee  of  the  OUT  against  two  other 
resonator*.  Source  twite  l*  cancelled  out,  a*  with 
the  dual  reaonator  bridge,  Each  detector  output  la 
fed  Into  a  correlator/spectrum  analyser.  If  the  croaa 
power  spectral  density  la  averaged  a  sufficient  number 
of  times,  the  only  coeponenc  left  will  he  OUT  noise, 
since  It  Is  the  only  noise  source  common  In  both  paths 
to  the  correlator.  All  other  noise  coeponenc*  should 
average  to  sero. 

iMroyed.Stnele-Wesenacer.  Bridce 

One  of  the  problee  In  using  a  bridge  circuit  Is  that 
setting  quadrature  eanually  Is  tiee  conauetng.  The 
single  resonator  bridge  also  suffers  froe  teeperature 
fluctuations  which  can  cause  the  operation  point  to 
shift  away  froe  quadrature  during  a  eeasureeenc, 
requiring  re-adjustment.  These  problee*  can  be  solved 
by  replacing  the  eanual  phase  shifter  with  an 
electronic  one.  Feedback  froe  the  phase  detector  can 
be  used  co  force  the  detector  error  voltage  to  sero. 

An  Integrator  with  a  pole  approximately  at  sero  can  be 
used  to  keep  the  error  very  seall.  The  Modified  block 
dlagrae  Is  shown  In  figure  II. 

The  feedback  loop  reduces  the  effective  phase  detector 
senscivlcy.  with  an  Integrator  In  the  loop,  the 
bridge  will  have  a  high-pass  response  to  phase 
fluctuations.  The  corner  frequency  can  be  made  very 
low  in  frequency  (however,  this  Increases  the  cine  lc 
takes  the  loop  to  lock  Initially),  or  the  frequency 
response  can  be  characterised.  This  clrculc  has  a 
similar  effect  on  the  discriminator  as  the  PU.  has  on 
an  oscillator  measurement. 

The  phase  shifter  can  be  made  from  a  quadrature  hybrid 
and  two  varactor  diodes.  The  diodes  are  placed  on  the 
hybrid  outputs.  The  signal  Is  output  from  what  Is 
normally  the  Isolated  port  of  the  hybrid.  The  phase 
ahlfc  Is  proportional  to  the  varactor  capacitance, 
which  Is  tuned  by  coupling  In  a  voltage  through  RF 
chokes.  Tlie  phase  shifter  Is  a  low  noise  device  as 
long  as  the  source  has  low  AM  noise  and  the  tune  line 
Is  well  filtered.  It  does  convert  these  noise  sources 
co  phase  modulation,  so  care  must  be  taken. 


Analysts  of  resonator  noise  under  different  loading 
conditions  has  yielded  result*  that  were  not  commonly 
known.  Resonator  phase  fluctuations  w«re  found  to  be 
proportional  to  loaded  Q,  and  oscillator  phase  noise 
caused  by  the  resonator  was  found  to  be  Independent  of 
loaded  Q.  It  is  still  Important  to  maintain  high 
loaded  Q  because  the  effect  of  amplifier  and  detector 
noise  Is  Increased  relative  to  resonator  noise  when  Q^ 

Is  reduced.  This  applies  to  oscillator*  and  for 
measurements  made  In  bridge  circuits. 

It  Is  probably  beat  co  specify  resonator  noise  In 
terms  of  resonator  caused  oscillator  phase  noise.  If 
an  oscillator  is  the  Intended  application.  If 
resonator  phase  fluctuations  are  specified,  the  loaded 
Q  In  the  test  must  also  be  measured  co  gee  an  accurate 
prediction  of  noise,  since  the  target  circuit  may  have 
a  different  loaded  Q.  Thl*  can  be  accommodated  for  by 
scaling  the  measured  noise  data. 
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Figure  17.  Improved  Single  Resonator  Bridge. 


Sanclmlana 

Resonator  1/f  frequency  fluctuations  are  the  dominant 
source  of  noise  in  a  well  designed  osclllacor.  Three 
methods  co  measure  rcsonacor  noise  were  discussed, 
each  having  advantages.  Hie  s'ngle  resonator  bridge 
may  prove  co  be  the  best  for  production  testing  of 
resonators,  since  lc  may  be  quickly  calibrated  using 
the  method  presented  here,  and  yields  unambiguous 
results. 
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SUMMARY 

lateral  field  SC  cut  resonators  may  have  improved  ag¬ 
ing  due  to  the  reduction  of  electrode  material  in  the  ac¬ 
tive  region  of  the  plate.'  Several  electrotie  configurations 
exist  for  the  lateral  field.  Single-side  electrotie  lateral 
field  resonators  (Sl.FR)  have  the  electrodes  plated  on  the 
contoured  side  of  the  blank.  This  configuration  allows 
the  resonators  to  he  adjusted  to  frequency  with  standard 
plating  equipment. 

Precision  clean  room  processes  were  used  in  manufac¬ 
turing  the  resonators  to  minimizing  aging,  lltase  noise 
data  taken  on  an  HP-3047  system.  Allan  Variance,  and 
Long  Term  aging  are  being  compiled  on  these  resona¬ 
tors. 

Tire  higher  impedance  level  exhibited  by  these  reso¬ 
nators  would  normally  make  device  evaluation  ami  use 
difficult.  A  straightforward  method  has  Ireen  used  to 
transform  (reduce)  the  resonant  impedance  of  these  de¬ 
vices.  Tire  technique  Involves  use  of  lumped  element 
approximation,  quarter  wavelength  transmission  lines. 
Use  of  maximum  permissible  line  impedances  results  In 
desirably  large  transformation  circuit  bandwidth,  aitd 
the  resonator  staiie  capacitance  can  Ire  absorlred  into  the 
circuitry  In  order  to  obtain  a  symmetric  resonant  Impe¬ 
dance  characteristic. 

Use  of  this  technique  has  allowed  accurate  determina¬ 
tion  of  prototype  resonator  motional  parameters  anti 
measurement  of  device  self  noise  (short  term  stability] 
using  conventional,  fit)  ohm  test  equipment  ami  has  also 
been  applied  to  the  design  or  5  Ml  iz  oscillators  incorpo¬ 
rating  the  prototype  resonators.  The  measured  oscillator 
signal  spectrum  !s  characterized  by  a  noise  door  level  of 
—168  dll/J  Iz.  lire  flicker  of  frequency  level  at  fm  =  1  llz 
is  —105  dU/Hz  ami  Is  due  to  measured  |Sy(f—  1  Hz)  = 
2.5  X  10  *J  short  term  Instability  in  the  resonators  them¬ 
selves. 


INTKODUCnON 

The  lateral  field  resonator  (also  known  as  the  Parallel 
Field  resonator)  has  been  around  since  the  1840’s.  Early 
workers  In  lateral  field  resonators  include  R.  Bechinnnn,' 
V.  lanouchcvsky,"  A.  Warner?  A.  Ballato?  and  others.  Re¬ 
cent  work  by  B.  Goldfrank  and  A.  Warner'  at  Frequency 
Electronics  resulted  in  lateral  field  SC  cut  resonators 
with  respectable  Q’s  and  electrical  parameters.  A  clear 
advantage  of  the  lateral  Reid  design  with  SC  cut  resona¬ 
tors  is  the  suppression  of  the  B-mode  in  the  SC  cut.  The 
control  of  the  B-mode  is  accomplished  by  the  orientation 
of  the  electrodes  to  minimize  or  maximize  the  lateral 
Reid  coupling.  Since  the  C  mode  is  desired  the  coupling 
of  the  B-mode  to  the  laterally  applied  electric  Reid  must 
be  minimized.  In  the  SC  cut,  using  a  four  point  mount 


80  degrees  apart,  the  coupling  of  the  H-mode  Is  reduced 
significantly  by  rotating  five  degrees  clockwise  from  the 
X-axis  when  the  -X  side  is  down. 

TWe  basic  designs  were  tried  The  single  sided  lateral 
field  and  the  composite  lateral  field.  The  single  sided 
lateral  field  simply  has  electrodes  on  one  side  while  the 
composite  lateral  field  has  Identical  electrodes  on  both 
sides.  Frequency  adjustment  was  accomplished  in  two 
ways.  On  the  single  sides!  t.KR’s  a  central  spot  was 
plated  on  the  unelectroded  side.  This  may  reduce  the 
effectiveness  of  the  lateral  field  to  age  well  and  ts  no 
longer  being  used.  The  other  method  is  to  evaporate  two 
spots,  one  on  each  lateral  field  electrode.  This  method  is 
capable  of  adjusting  the  frequency  of  the  LFR's  up  to  150 
Hz  without  affecting  the  performance  of  the  resonators. 

The  measured  Q‘s  of  the  sittgle  sides!  and  double 
sides!  t.FR's  were  similar:  the  Rs  were  very  different. 

Single  Sided 

Mean  Q  :  1.8  million 
3  sigma  :  .600  Million  jl  .3  M  to  2.5  M) 

Mean  Rs  :  3.200  ohms 
Double  Sided 

Mean  Q  :  1.6  million 
3  sigma  :  1.0  million  (.6  M  to  2.0  MJ 
Mean  Rs  :  666  ohms 

LFE  RESONATOR  EVALUATION/OSCILLATOR 
DESIGN 

CIRCUIT  UTILIZATION  DIFFICULTIES 

Analyses  have  shown  that  the  degree  of  acoustic  cou¬ 
pling  obtainable  with  LFE  resonators  is  comparable  to 
that  of  conventionally  configures!  devices.  In  simple 
terms,  this  means  that,  in  the  equivalent  resonator  elec¬ 
trical  circuit,  similar  capacitance  ratio  is  obtainable.  The 
capacitance  ratio  (Co/Cm  in  figure  1)  relates  the  impe¬ 
dance  level  of  the  resonant  (motional  arm)  portion  of  the 
equivalent  circuit  to  that  of  the  Inter-electrode  capaci¬ 
tance.  Co. 

The  inter-electrode  capacitance  for  the  LFR  resonator 
is  extremely  small  as  a  consequence  of  electrode  place¬ 
ment  on  tire  same  surface.  HF  LFE  resonators  have  been 
fabricated  by  Piezo  Crystal  Company  (and  others)  that 
typically  exhibit  Impedances  10  to  50  times  higher  than 
conventionally  configured  (thickness  excitation)  de¬ 
vices. 

The  ultra  high  LFE  resonator  electrical  impedance 
prevents  accurate  resonator  evaluation  (equivalent  cir¬ 
cuit  determination)  using  either  conventional  equip¬ 
ment  such  ns  the  crystal  impedance  (Ct)  meter,  or  newer 
methods  utilizing  50  ohm  network  analyzers.  Not  only 
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is  device  evaluation  (iilliuill.  but  actual  device  use  m 
practical  oscillator  and  filter  circuits  is  not  easily  imple¬ 
mented  ns  tt  consequence  of  high  device  impedance 
level. 

Simple  magnetically  coupled  transformers  do  not  pro* 
vide  an  effective  means  of  accurately  transforming  (re¬ 
ducing)  the  entire  resonant  impedance  characteristic  of 
t,Hi  resonators.  Hie  (useful!  electrical  resonant  Impe¬ 
dance  of  a  typical  LFK  HP  resonator  that  must  be  trans¬ 
formed  varies  from  off-resonant  reactance  values  ap¬ 
proaching  ±  i  20.000  ohms  to  at-resonance  resistive 
values  of  300  to  2000  ohms.  The  circuit  described  in  the 
following  section  constitutes  a  means  for  accurately 
transformlng  the  entire  useful  l,FR  device  resonant  im¬ 
pedance  characteristic  to  a  practical  level. 


IMPEDANCE  MATCHING  USING  QUARTKR 
WAVELENGTH  (.INKS 

Figure  2  shows  a  well  known  method  used  in  micro- 
wave  circuits  for  the  purposes  of  impedance  transforma¬ 
tion  and  matching.  As  shown  in  the  figure,  a  cascaded 
connection  of  two  quarter  wavelength  lines  can  lie  used 
to  transform  a  given  circuit  impedance  by  the  square  of 
the  ratio  of  each  of  the  quarter  wavelength  line  charac¬ 
teristic  Impedances. 

At  I  IF  and  VI  IF  frequencies  where  the  physlcal  length 
of  a  quarter  wave  transmission  lino  in  large,  the  quarter 
wavelength  lines  of  figure  2  can  ho  configured  as 
lumped  element  approximations.  Tire  use  of  lumped  el¬ 
ement  approximations  also  allows  necessary  (as  will  ho 
shown)  selection  of  large  value  characteristic  Impe¬ 
dances  not  easily  implemented  in  distributed  form. 

Prototype  l.FK  resonators  were  designed  and  fahri 
cated  by  Piezo  Crystal  Company  for  evaluation.  The  esti¬ 
mated  crystal  series  resonant  (3  Mil/.)  resistance  w m  on 
order  of  2000  ohms.  An  impedance  step-down  ratio  of 
30  to  l  was  considered  in  order  to  obtain  a  transformed 
resonator  series  resistance  of  35  ohms. 

Figure  3  shows  the  circuit  that  was  used  to  implement 
the  Impedance  transformation.  Super  Compact  network 
analysis  software  was  utilized  to  compute,  for  the  qunr 
ter  wavelength  lino  circuits,  the  effects  of.  (1)  number  of 
UC  sections.  (2)  absolute  characteristic  impedance  level 
(holding  ratio  201  7.02)  constant.  (3)  single  ended  vor 
sus  balanced  circuits,  and  (4)  circuit  losses  ami  pnrasit 
Ics  (distributed  capacitance  am)  lead  inductance).  'Die 
results  mny  he  summarized  as  follows. 

1.  In  order  to  not  only  effectively  transform  the  crys¬ 
tal  in-band  resonant  impedance  characteristic,  but 
also  to  maintain  (the  transformed)  high  uul-of- 
band  impedance  of  tiie  rest-  iur  over  the  widest 
possible  bnndw  idlli,  the  characteristic  impedances 
of  the  (lumped  clement)  quarter  wave  lines  should 
be  as  high  as  possible.  Maintenance  of  high  out-of- 
band  impedance  over  widest  possible  bandwidth 
is  desirable  in  connection  with  avoidance  of  spuri¬ 
ous  oscillation  at  quarter  wavcline  i.C  resonant  fre¬ 
quencies  when  (lie  resonator  witli  quarter  wave 
networks  is  used  in  oscillator  circuitry. 

2.  A  two  section  approximation  for  each  quarter 
vvaveline  suffices.  Use  of  additional  sections  does 
not  dramatically  improve  transformation  or  band 
width  performance.  For  high  impedance  lines,  a 


balanced  approximation  wutts  wen.  allowing  tile 
high  Imnedanco  line  total  required  targe  induc¬ 
tance  value  to  be  distributed  between  four  induc¬ 
tors. 

3.  The  use  of  two  (lumped  element  approximation) 
quarter  wave  lines  provides  widest  bandwidth 
compared  to  both  maximum  bandwidth  bandpass 
structures  and  structures  consisting  of  more  than 
two  quarter  wave  lines. 

•t.  The  use  of  the  disclosed  Impedance  transformation 
circuitry  has  been  tried  experimentally  and  has  al¬ 
lowed  successful,  accurate,  and  simple  determina¬ 
tion  of  resonator  equivalent  circuit  parameters, 
measurement  uf  resonator  self  noise  level,  and  fab¬ 
rication  and  test  of  a  resonator  stabilized  oscillator. 

3.  The  terminating  capacitance  used  in  the  high  im¬ 
pedance  quarter  wave  line  circuit  allows  absorp¬ 
tion  of  the  resonator  static  capacitance,  thus  pro¬ 
viding  a  desired  symmetrical  resonant  response  at 
the  input  to  the  quarter  wave  line  input  terminals. 

Figures  4  and  5  show,  respectively,  the  computed  and 
measured  I.FK  resonator  (Smith  Chart)  impedance  trans¬ 
formed  (reduced)  by  30:1  using  the  figure  3  circuit.  As 
shown  In  figure  4.  out-of-hand  non-crystal  controlled 
resonances  occur  due  to  the  transformation  circuitry  at 
3.3  and  5  MHz.  In  an  oscillator  dreuit.  then,  additional 
selectivity  Is  required  to  prevent  oscillation  at  these  fre¬ 
quencies,  ns  well  as  those  occurring  nt  the  unwanted 
crystal  resonant  modes. 

DISCRETE  TRANSISTOR  OSCILLATOR  DESIGN 

Figure  0  shows  a  simplified  AC  schematic  diagram  for 
the  oscillator  circuit  that  was  designed  for  use  with  the 
prototype  LFE  resonators  and  including  the  impedance 
transformation  circuit  if  figure  3. 

As  shown  in  the  figure,  a  sulf-limitmg.  grounded  col¬ 
lector,  (crystal)  scries  resonant  oscillator  design  was  se¬ 
lected.  with  the  exception  that  output  signal  current  Is 
extracted  via  the  sustaining  stage  transistor  collector  via 
a  common  base  buffer  stage.  The  buffer  stage  is  biased  at 
higher  DC  current  than  sustaining  stngo  in  order  to 
achiovu  linear  (class  AJ  buffer  operation  under  condi¬ 
tions  of  self  (current)  limiting  in  the  sustaining  stage 
transistor.  In  the  figure  G  configuration  the  sustaining 
stage  may  lie  regarded  ns  a  means  for  generating  a  suffi¬ 
cient  negative  resistive  impedance  across  the  crystal 
(plus  impedance  transformation  circuit]  connection  ter¬ 
minals.  Viewed  this  way.  the  negative  resistance  magni¬ 
tude  is  determined  by  proper  selection  of  tank  circuit 
clement  values.  In  addition,  tank  circuit  loaded  Q 
should  be  ns  low  ns  possible  (for  minimum  oscillntor  fre¬ 
quency  sensitivity  to  tank  c'rcuit  component  value  vari¬ 
ation  with  time  and  tcmpciature),  yet  sufficiently  high 
to  eliminate  the  possibility  of  oscillation  at  crystal  (plus 
transformation  circuit)  out -of  band  resonant  frequen¬ 
cies.  For  the  circuit  of  figure  G.  the  tank  circuit  Q  was 
approximately  9  (including  inductor  self  loss),  and  crys 
lal  dissipation  was  approximately  2  inw. 

Figure  7  shows  the  measured  phase  noise  sideband 
spectra  for  two,  phasclocked,  figure  G  type  oscillators. 
Tile  spectrum  is  characterized  by  a  flicker  of  frequency 
region  with  £(1  Hz)  -100dB»Uz.  a  flicker  of  phase  re¬ 
gion  with  £(100  Hz)  =  -  M2  dB/Hz.  and  a  white  phase 
noise  (floor)  level  of  -  1G5  dB/Hz.  The  flicker  of  phase 
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spttiral  was  higher  than  antn,ip.it<;d  mu!  ««  nut 
unproved  via  hncat  sustaining  stage  lf.in.MMm  upvratinn 
(using  an  mixlll  wry.  schottky  diode  limiter  fur  oscillator 
MX!).  Tint  flicker  of  frequency  noise  (ns  will  lie  shown) 
portion  of  tlm  spectrum  Is  due  to  short  term  instability  in 
the  resonators  themselves  and  is  similar  to  that  mea¬ 
sured  for  similar  conventional,  thickness  excitation  de¬ 
vices.  * 


I.FB  OSCtUwVTOR  USING  MODU1.AR  AMPLIFIER 

Tlrere  are  notable  advantages  associated  with  the  use 
of  a  50-ohm  modular  amplifier  ns  the  oscillator  sustain 
ing  stage.  Among  these  are  easily  implemented  oscilla¬ 
tor  circuit  open  loop  characterization  and  evaluation  us¬ 
ing  5Q-ohm  test  equipment,  and  the  fact  that  modular 
amplifiers  exhibiting  very1  low  levels  of  flicker  of  phase 
noise  are  readily  available. 

humped  element  approximation,  quarter  wave  impe¬ 
dance  transformation  circuitry  can  also  be  used  in  the 
design  of  the  modular  nmnlifier  oscillator.  In  the  design 
approach  utilised,  no  additional  frequency  selective 
tuned  circuitry  is  required  to  prevent  oscillation  at  un¬ 
wanted  crystal  resonant  modes.  Oscillator  frequency 
sensitivity  to  (h-C)  component  value  change  Is  therefore 
greatly  reduced.  One  reason  this  is  possible  is  that  for 
the  1,1-1- SC-cut  resonator,  suppression  of  nearby  il  mode 
resonance  is  achieved  via  proper  electrode  orienta¬ 
tion.1*" 

Figure  ti  shows  a  simplified  AC  schematic  diagram  for 
the  oscillator  circuit.  As  shown  in  the  figure,  the  resona¬ 
tor  is  included  In  the  oscillator  feedback  circuit  and  is 
operated  at  series  resonance  such  that  its  series  resis¬ 
tance  constitutes  the  series  arm  of  a  x  type  attenuator 
whose  attenuation  Is  equal  to  tbo  net  feedforward  gain  of 
the  ampllficr/power  splittcr.Tlie  amplifier-power  split¬ 
ter  signal  phase  shift  Is  approximately  180  degrees.  Two 
lumped  clement  approximation,  quarter  wavelength 
lines  are  used  to:  (t)  match  the  attenuator  characteristic 
Impedance,  Z„  to  50  ohms,  and  (2)  furnish  the  requisite 
additional  100  degree  (90  degrees  each)  circuit  signal 
phase  shift.  For  an  amplifieWpowcr  splitter  gain  of  10  dO 
and  a  nominal  crystal  series  resistance  of  500  ohms  (ex¬ 
hibited  by  second  iteration,  prototype  resonators),  the 
10  dB  attenuator  shunt  resistance  is: 

Rp  =  .-15  R„  =  220  ohms  (1) 

and  (lie  attenuator  characteristic  impedance  is: 

Z*  =  .325  R,  as  1G2  ohms  |2| 

The  quarter  wavclinc  characteristic  Impedance  is 
given  by: _ 

Zo  =  n/(ZA)(50  ohms)  =  90  ohms  [3j 

In  order  to  operate  the  amplifier  linearly,  n  schottky 
diode  limiter  is  used  at  (lie  attenuator  input  such  that,  at 
a  proscribed  signal  level,  the  ALC  circuit  reduces  the 
attenuator  net  input  shunt  resistance  to  the  prescribed 
(approx.  220  ohm)  steady  state  value.  A  prototype  oscil¬ 
lator  was  fabricated  using  a  Q-B1T  QBH-124  amplifier 
and  a  500  ohm,  3rd  overtone  LFE  SC-cut  resonator.  Pre¬ 
dicted  circuit  operation  was  easily  and  accurately 
achieved.  Oscillation  at  crystal  unwanted  resonant 
modes  is  prevented  due  to  the  fact  that  the  quarter  wave 
line  circuitry’  does  not  provide  required  circuit  phase 


»hilf  and  re  iinpi'd.iiK-ti  m.iU  l.  at  the  main!  iund.imrn 
tills  and  unwanted  higher  uvrrtnne  resrewm  mode  fre 
queneies. 


RESONATOR  FUCKER  NOISE  MEASUREMENT 

Independent  measurement  of  prototype  1.FE  resonator 
short-term  frequency  stability*  was  also  made  by  driving 
pairs  of  device  from  a  low  noise  synthesizer  in  a  bal¬ 
anced  transmission  circuit.  *  The  same  quarter  wave, 
impedance  transformation  networks  in  the  oscillator  cir¬ 
cuits  of  figures  6  and  t)  were  also  used  In  th*  measure¬ 
ment  apparatus,  ns  shown  in  figure  9.  No  attempt  at  fine 
frequency  set-on  was  made  in  the  fabrication  of  the  ini¬ 
tially  utilized  LFE  resonators.  External  (varactor  diode) 
reactive  tuning  sensitivity  was  limited  to  several  ppm.  It 
was  necessary  to  operate  the  resonators  at  different  tem¬ 
peratures  in  order  to  achieve  the  degree  of  frequency 
match  required  for  measurement  of  resonator  (figure  9) 
and  phase  locked  oscillator  (figure  ?)  short-term  fre¬ 
quency  stability. 

Figures  10  through  12  show  typical  resonator  short¬ 
term  stability  measurement  results.  At  this  time  II  has 
not  been  determined  to  what  extent  laboratory  environ¬ 
mental  effects  (such  ns  low  level  ambient  temperature 
fluctuations  and  vibration)  may  have  affected  the 
results.  Figure  13  shows  the  measured  signal  phase 
noise  sideband  spectra  using  the  (figure  12)  500  ohm 
crystals  In  two  figure  0  typo  oscillators. 

As  shown  in  the  figures,  the  initial  data  indicates  a  18 
dU  variation  in  resonator  short-term  stability  with  good 
correlation  between  individual  resonator  and  resultant 
oscillator  signal  Sy(f  =  1  ll/.J  frequency  stabilities  In  the 
flicker  of  frequency  portion  of  the  spectra. 


MODERATE  AND  LONG  TERM  STABILITY 
AGING 

Two  aging  experiments  were  conducted  with  the  dou¬ 
ble  sided  Intend  field  resonators.  One  resonator,  finished 
early,  was  placed  in  nn  oscillator  and  aged  for  severe! 
weeks.  The  resonator  was  left  open  during  some  initial 
testing  and  was  not  expected  to  ago  well.  The  nging  nftcr 
19  days  is  shown  in  the  next  figure. 
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The  aging  rate  was  1.7  parts  in  10*  per  day.  This  is 
disappointing,  but  not  surprising  since  the  resonator 
was  not  completely  finished  In  a  clean  room.  The  sec¬ 
ond  aging  experiment  was  an  attempt  to  compare  the 
aging  of  thickness  mode  resonators  to  l.FR's.  Twenty- 
four  crystals,  13  thickness  mode  and  11  LFR’s  were 
manufactured  at  the  same  time  with  precision  resonator 
manufacturing  processes.  All  resonators  were  tested 
over  six  days  at  1GQ*C.  Thu  resonators  were  plated, 
sealed  and  tested  nt  the  same  time.  The  results  are  sum¬ 
marized  lielow: 

Thickness  Mode  Resonator 

Mean  Aging  :  1.35  X  it)  Vday  (@  IGO'C) 

Range  :  2.00  X  10  Vday  to 

1:10  X  io  Vday 
3  sigma  :  -t.()3  X  10  '/day 

lateral  Field  Resonators 

Mean  Aging  :  7.15  X  10  Vday  (@  IGO'C) 

Range  :  0.00  X  10  Vday  to 

1 .00  X  io  7dny 
3  sigma  :  1.77  X  10  '/day 

Allan  Variance  :  1  X  10  "  @  1  second 

G-scnsitivity  :  1  X  10  Vg 

From  this  data  the  LFR's  aged  1.8  times  better  than  tho 
thickness  mode  resonators.  The  difficulty  with  this  data 
is  evaluating  the  aging  rate  at  lower  temperatures.  This 
can  not  bo  done  easily.  Piezo  Crystal  Co.*s  standard  5 
MHz.  3rd  overtone  SC  cut  has  a  mean  aging  rate  of  G  X 
10  "/day  at  85®C.  if  tho  ratio  of  aging  rales  is  maintained 
nt  lower  temperatures  than  tho  I.FR's  should  age  nt  3  X 
10  "/day.  This  has  not  boon  confirmed  yet  by  other 
methods. 

CONCLUSIONS 

Long  term  aging  of  precision  lateral  field  resonators 
were  measured  to  be  1.8  times  better  than  thickness 
mode  resonators  at  1G0°C.  Long  term  aging  nt  lower 
temperatures  may  not  correlate  with  high  temperature 
aging. 

The  use  of  lumped  element  approximation,  quarter 
wave  transmission  line  networks  has  been  shown  to  pro¬ 
vide  a  practical  means  for  reducing  LFE  resonator  reso¬ 
nant  impedance  levels,  allowing  device  use  in  conven¬ 
tional,  discrete  transistor  and  50  ohm  modular  amplifier 
oscillator  circuitry.  In  the  case  of  the  modular  amplifier 
circuit,  the  inherent  suppression  of  the  SC-cut  B  mode 
resonance  obtainable  using  the  LFE  configuration,  cou¬ 
pled  with  the  broadband  nature  of  the  oscillator  and 


transformation  circuitry,  results  in  greatly  reduced  fre¬ 
quency  sensitivity  to  drift  In  the  non-resonator  portion 
of  the  circuitry. 

Transmission  line  resonator  Impedance  transforma¬ 
tion  circuitry  has  also  provided  an  effective  means  for 
accurate  determination  of  equivalent  electrical  circuit 
parameters  and  measurement  of  device  self-noise.  This 
approach  should  prove  especially  useful  In  the  design  of 
oscillator  and  resonator  measurement  apparatus  incor¬ 
porating  higher  frequency  LFE  resonators. 
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Figure  t.  Crystal  Resonator  Equivalent  Electrical  Circuit 


Figure  5.  Measured  bFE  Resonator  Impedance  Reduced  by 
36:1  iking  bumped  Element  Qunrtcnvave  bines 


Figure  2.  Impedance  Transformation  Using  Quarter  Wave 
Transmission  bines 
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Figure  3.  bumped  Hloment  Realization  for  Quarter  Wave  bine 
Impedance  Transformer 
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Figure  4.  Calculated  bFE  Resonator  Impedance  Transformed 
(reduced)  by  36:1  (Including  Parasitics  and  bosses  In  bumped 
Element  Qunrtenvnvo  bines) 


Figure  6.  Simplified  Functional  Schematic  Diagram  for  Ills* 
Crete  Transistor  I.FE  Crystal  Oscillator 
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Figure  7.  I.FE  Oscillator  Measured  Output  Signal  Noise  Spec* 
tm  (Compare  to  Predicted  laivel  in  Figure  0  Eased  on  Crystal 
Self  Noise) 
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Figure  ».  Simplified  Functional  Schematic  Diagram  for  l,FK  Figure  It.  Noise  Measurement  Results  for  500  Ohm  Prototype 
Crystal  Oscillator  Using  50  Ohm  Modular  Amplifier  Resonators 
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Figure  12.  Noisy  Measurement  Results  for  Second  Set  of  500 
Ohm  I.FE  Resonators 


Figure  9.  Qunrtenvavo  Transformers  Used  in  U‘E  Resonator 
Noise  Measurement 
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Figure  IU.  Measured  Signal  Phase  Noise  Sideband  Spectra  for 
500  Ohm  I.I'K  Crystals  Installed  in  (Figure  0)  Oscillators 


Figure  to.  Noise  Measurement  Results  for  2000  Ohm  Proto¬ 
type  I.FE  Resonators 
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Suwnary 

This  paper  describes  a  digitally 
compensated  TCXO  using  a  single  chip 
LSI.  Recently,  with  progress  In 
developing  communication  systems,  such 
as  a  mobile  telephone  system,  the 
oscillator  has  been  required  to  be 
smaller  In  size,  have  greater  frequency 
stability  and  lower  power  consumption. 

Temperature  compensated  crystal 
oscillators  (TCXOs),  which  Include 
crystal  units,  have  usually  been  used  In 
these  systems. 

The  authors  have  developed  a  single 
chip  LSI  for  a  TCXO,  which  has  digitally 
compensated  frequency  temperature 
characteristics  for  an  oscillator  using 
LSI  technology,  and  have  achieved  a 
small  digitally  compensated  TCXO(DTCXO). 

The  single  chip  LSI  has  functional 
blocks  consisting  of  digital  and  analog 
circuits.  It  Includes  a  temperature 
sensor,  a  9  bit  A/D  converter,  a  512 
word  x  8b  1 1  EPROM,  an  8  bit  D/A 
converter,  a  reference  voltage  supply 
circuit,  an  amplifier  circuit  for  the 
oscillator  and  a  divider. 

The  temperature  sensor  has  been  made 
from  bipolar  transistors.  The  desired 
temperature  compensating  accuracy  Is  0.5 
*C.  This  LSI  chip  size  Is  3.5mm  x  5.3mm. 
About  15,000  transistors  have  been 
Integrated  In  It,  using  CMOS  2.0um 
design  rules. 

Important  features  for  the  DTCXO 
with  this  LSI  and  a  12.8MHz 
fundamental  AT  cut  crystal  unit  ore 
small  frequency  variations  with 
changing  temperature  (±0.3ppm  from  -30'C 
to  ♦85*0,  low  power  consumption  <25mv), 
good  long  term  frequency  stability 
<±0.4ppm/year) ,  Insensitivity  to 
vibration  and  shock  (±0.05ppm)  and 
small  si  zed  Omm  x  12mm  x  25mm). 


Introduction 

TCXOs  have  been  widely  used  In 
communication  systems.  Most  TCXOs  use 
thermistors  as  temperature  sensors  and  a 
variable  capacitance  diode  (varactor)  as 
a  variable  reactance  clement. 
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At  least  three  thermistors  are 
necessary  to  compensate  for  the  change 
In  the  AT  cut  crystal  unit,  whose 
frequency  temperature  characteristics 
arc  approximated  by  a  third  order 
function.  The  varactor  should  have  good 
linearity.  The  calculation  of  values 
for  each  component  is  rather  complicated 
and  usually  requires  a  computer. 

These  requirements  for  an  expensive 
varactor  with  good  linearity,  many 
thermistors,  a  selected  crystal  unit 
with  good  frequency  temperature 
characteristics  and  the  complicated 
calculation  to  determine  the  Individual 
component  values  make  an  oscillator 
considerably  complicated  and  hence 
expensive  to  manufacture. 

This  paper  presents  a  digitally 
compensated  TCXO  using  a  single  chip 
LSI.  It  can  be  easily  applied  to 
compensate  for  changes  in  frequency 
temperature  characteristics  for  an  AT 
cut  crystal  unit. 

The  DTCXO  design  features  are  shown 
In  Table  l. 


Principle 

The  DTCXO  using  the  single  chip  LSI 
consists  of  three  basic  sections,  as 
shown  In  Flg.l  ,  .a  temperature  sensor 
section,  a  digital  frequency  temperature 
compensating  section  and  a  voltage 
controlled  crystal  oscillator  (VGXO) 
section.  A  functional  diagram  of  the 
digital  frequency  temperature  com¬ 
pensation  circuit  Is  shown  In  Fig. 2. 
It  Includes  the  9  bit  A/D  converter,  the 
512  word  x  8b i l  EPROM.  the  8  bit  D/A 
converter,  parnlcll  to  serial  converters 
and  serial  to  parol  ell  converters. 

There  arc  two  methods  for  Including 
a  temperature  sensor  In  the  LSI. 

(a)  Resistance  and  capacitance 
temperature  coefficients  are  used. 

(b)  A  bipolar  transistor  P-N 
Junction  is  used. 

The  authors  have  selected  method  ( b ) , 
considering  the  clement  stability  due  to 
aging,  to  generate  about  -Smv/’C 
temperature  sensitivity.  Initial  output 
voltage  values  for  the  temperature 
sensor  Is  adjustable.  In  order  to 
obtain  the  desired  dynamic  range  for  the 
A/D  converter,  the  adjustment  is 
achieved  by  blowing  polysilicon  fuses. 
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The  temperature  sensor  1* 
integrated  In  the  LSI  In  order  to 
accurately  detect  temperature  changes. 
Thla  temperature  data  1$  digitised  and 
characterised  Into  2’  break  points, 
where  9th  Is  the  number  of  bits  used  for 
the  A/D  converter.  The  EPROM  Is 
programed  with  a  customised  look-»p 
table,  which  provides  corrections 
direcMy  to  each  digitised  temperature 
word.  The  word,  from  0  to  511,  Is  used 
to  as  the  address  for  the  5J2word  x  8blt 
EPROM.  The  EPROM  then  determines  the 
correction  voltage  needed  at  that 
temperature  and  outputs  the  digital 
correction  to  the  8  bit  D/A  converter. 
The  D/A  converter  converts  this  value  to 
an  analog  voltage  for  application  to  the 
varactor  In  the  VCXO. 


It  Is  not  difficult  to  show  that  the 
maximum  frequency  error,  due  to  finite 
word  length,  la  given  byJ: 


AF  * 


Where: 

bt  « 

bv  ■ 

S  ■ 

T  « 

F  « 


AF  ■ 


number  of  bits  in  the 

temperature  word, 

number  of  bits  in  the 

crrcctlon  voltage  word, 
maximum  frequency- 
temperature  slope  for 

the  VCXO.  In  ppm  per'C. 
total  temperature  range, 
over  which  the  oscillator 

must  be  compensated, 
maximum  peak  to  peak 

frequency  excursion  of  the 
crystal  In  ppm. 
maximum  frequency  error 

allowed,  In  ppm. 


Thus,  the  9  bit  A/D  converter  and 
8  bit  D/A  converter  would  be  considered, 
If  those  were  the  only  errors  Involved. 


Experimental  Results 


The  authors  have  developed  the 
single  chip  LSI  for  the  DTCXO. 
Characteristics  of  the  LSI  are  shown  In 
Table  2.  A  photograph  of  the  LSI  Is 
shown  In  Fig. 3. 

Compensation  experiments,  using  an 
AT  cut  12.8MHz  crystal  unit,  arc 

presented.  Fig. 4  and  5  indicate  overall 
compensated  result.  The  less  than 
±0.3ppm  frequency  variation  Is  achieved 
over  the  from  -30  *C  to  85 *C  temperature 
range. 

Fig.  6  shows  the  frequency  shift 
due  to  voltage  variation. 

Fig.  7  shows  the  long  term 

frequency  stabl 1 l ty. 


Fig,  8  shows  the  short  term 
frequency  stabl 1 1 ty. 

A  Internal  view  of  the  DTCXO.  using 
an  AT  cut  crystal  unit.  Is  shown  Fig  9. 
It  Is  about  10am  x  12mm  x  25mm. 


Conclusions 

The  DTCXO  using  the  single  chip  LSI 
has  been  developed.  The  DTCXO  has  the 
following  excellent  characteristics; 

1)  No  thermistor  Is  needed. 

2)  It  has  an  easily  adjustable 
frequency  temperature  com¬ 
pensation  circuit. 

3)  Wide  temperature  range  com¬ 
pensation  Is  possible. 

4 >  It  Is  suitable  for  use  In  a 
small  size  TCXO. 
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Apprexlnate  analysis  ef  ite  eenvenilenal  thermal 
enclosures  such  a*  evens  and  eryexia la  reveals  that 
tte  Umltatlen  to  achievable  thermal  regulation  la  in 
winy  eases  not  tte  gain  ef  tte  tharnal  serve  lee?, 
but  ratter  tte  faet  ttet  tte  experiment  under 
observation  within  tte  thermal  enclosure  ia  atlll 
coupled  to  tte  outage  temperature.  So,  even  If  tte 
thermal  enclosure  la  perfectly  arable  in  temperature, 
tte  experiment  la  not.  A  new  configuration  ia 
suggested  whleh  uaea  an  additional  aenaor  to  meaaure 
change*  in  tte  outside  temperature  ami  components  tte 
temperature  aet  point  ef  the  thermal  encloaure  in 
order  to  Juat  correct  for  tte  temperature  error 
Induced  hy  tte  coupling  to  tte  outaide. 

Approximate  Analysis  af 
Conventional  Thermal  Enclosures 


convent lensl  single  layer  even.  The  temperature  of 
the  outer  ahell  Tg,  tte  temperature  of  the 
teater/cooler  Tjj,  and  tte  temperature  of  the 
experiment  Tg  are  initially  aaaumed  to  be  uniform. 

repreaenta  the  thermal  impedance  between  the  oven 
heater/ceoler  and  tte  aenaor;  Fes  thermal 
impedance  between  tte  aenaor  ane  tte  outaide;  Fug  tte 
thermal  impedance  between  tte  teater/eeeler  and  the 
experiment;  F$g  the  thermal  impedanee  between  tte 
outaide  and  tte  experiment,  tjg  the  thermal  lag 
between  tte  aenaor  and  the  teater/eooler  due  to  Fjy 
and  tte  teat  capacity  of  tte  aenaor;  tji?  the  thermal 
tl»e  eonatant  ef  the  experiment  due  to  its  teat 
capacity  and  tte  effective  thermal  impedance  which  ia 
the  parallel  combination  of  IW  and  Fgg.  Tte  effects 
of  small  time  dependent  thermal  gradients  are  alao 
included  in  tte  model  of  tte  compensated  thermal 
encloaure  dlseussed  later  and  schematically 
Illustrated  In  figure  S  by  tte  term  &p(t). 


Tte  following  approximate  analysis  is  intended 
to  illustrate  how  additional  thermal  sensors  can  be 
used  to  compensate  a  high  performance  thermal 
enclosure  such  as  an  oven  or  cryostat  In  order  to 
substantially  improve  the  effective  thermal 
regulation  of  tte  enclosed  experiment.  Figure  l 
Shows  the  basic  elements  of  the  problem  for  a 


Fig.  1  Schematic  representation  of  an  experiment 
contained  within  an  oven  shell.  Tim  various 
temperatures  are  represented  by  T's  and  the  thermal 
impedances  by  R's.  TgfO)  Is  the  set  point  of  the 
oven,  and  S  is  the  thermal  sensor. 
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The  thermal  performance  of  tte  enclosure  is  often 
characterised  by  thermal  gain,  Cg(t),  which  is 
loosely  defined  by 


V° 


T  Co)  « 

B 


V»  ’  Ve) 

I  ♦  M'> 


Cl) 


where  tte  left  side  of  the  equations  is  tte  change  in 
tte  sensor  temperature,  T5,  at  a  time  delay  ”tM  from 
tte  Initial  value  due  to  a  change  in  tte  outside 
temperature,  To,  from  Its  initial  value  at  time  i»0. 
Koto  that  Cq(c)  is  a  function  of  the  averaging  time 
and  of  the  general  form 


MO  *  j  *  r«  MO  (2) 

r 


where  t(j  Is  the  thermal  delay  time  from  the  outside 
shell  to  the  oven  and  Cg(t)  is  the  stop  response 
function  of  tte  electronic  servo  gain.  From  servo 
theory  (1-3)  one  can  stew  ttet  the  heater  servo  is 
stable  when  tte  response  time  (unity  gain  time)  of 
GgCO  is  about  4  times  slower  than  the  heater  sensor 
delay  tine,  X|te.  Cc(t)  typically  crosses  the  unity 
gain  point  with  a  slope  of  6  dB  per  octavo,  although 
any  slope  below  12  db  per  octave  is  stable.  Given 
this  limitation  on  the  gain  slope  and  the  need  to 
reduce  the  effects  of  high  frequency  noise  in  iha 
servo,  Cg(i)  generally  lias  a  functional  fora 
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where  the  first  bracket  c«m«  from  using  linear 
feedback  with  the  gain  sat  to  cross  unity  at  6  4ft  par 
octavo  ami  vAtge,  the  sacon4  bracket  contains  the 
tanas  yielding  additional  electronic  filtering  of  the 
high  frequency  fluctuations  for  times  shorter  than 
tuc/ft,  an4  the  following  terms  show  the  effects  of 
adding  integrators  to  increase  the  gain  slope  at 
longer  and  longer  tines.  B  is  typically  chosen  to 
between  ft  and  10.  this  is  illustrated  In  figure  2. 
fty  using  a  earefully  adjusted  balance  between  the 
proportional  part  of  the  gain  and  that  of  the 
integrator  one  can  wake  the  loop  optimally  fast  with 
imperceptible  overshoot  (2) *  From  this 
representation  of  CgtO  it  is  clear  that  the  maximum 
value  of  Gg(t)  that  can  be  obtained  at  lone  averaging 
tines  or  delay  tines  is  sealed  as  ft’0', 

where  n  is  the  number  of  integrators  in  the  GpCx). 

The  smaller  the  delay  tine  rw,  the  easier  It  is  to 
nake  6js(t)  and  hence  Cq(0  large.  This  analysis 
explicitly  assunes  that  the  sensor  temperature  error 
produces  a  linear  correction  in  the  applied 
heater/cooler  temperature. 


Fig.  2  Oven  servo  gain  Cq(x)  in  dft  versus  averaging 
tine  ( measurement  time)  in  units  of  «tlls  for 
proportional  gain  in  curve  A,  for  proportional  gain 
plus  one  integrator  with  {1-4  In  curve  8,  and 
proportional  gain  plus  2  Integrators  with  0-4  in 
curve  e* 
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Eq.  5  shews  that  even  in  the  limit  of  CnOCt)  •*  *», 
there  can  still  be  a  significant  thermal  error.  The 
first  term  of  tl*  second  bracket  comes  from  the 
thermal  error  between  the  heater/cooler  and  the 
sensor  (eq.  ft)  and  the  second,  ami  often  more 
important  term,  caused  by  the  thermal  coupling  of  the 
experiment  to  the  outside.  The  role  of  tjtv  1»  the 
ftth  bracket  is  seen  to  be  a  filtering  of  the  thermal 
transients  in  the  thermal  control  servo  at  very  short 
times  (high  frequencies).  In  steady  state  with  Ca(i) 

-  “  *«  **■•••  Tll  "  Ts<0>,  hi  «  *OE>» 

this  reduces  to 

TtCO*TjCO>  »  Krafrl-TjfOll  •“**  * 

*ot 


«a  «h 

|tTo(r)-ToC0)>  e  CTB CO) *T- C0i>  1  J**  (6) 

"oi 


Fig.  3  Temperature  error  of  the  experiment  versus 
thermal  gain  of  the  oven,  CqCO. 


It  should  also  be  noted  that  the  sensor 
temperature  Is  not  exactly  that  of  the  heater/cooler, 
Tjj,  even  for  infinite  Cg(t),  beeauso  the  sensor  has 
finite  thermal  resistance  to  the  oven  heater/cooler 
characterised  here  by  Rjjj  and  coupling  to  the  outside 
characterised  here  by  Rqs,  Tim  thermal  error  of  the 
healers/coolers  in  steady' itate  is  then  of  order 


Tj,-T, 


CVT*)  «... 

F-os  +  Fas 


(4) 


The  difference  between  the  teaperatura  Tr  of  the 
axporiment  and  that  of  the  sensor  versus  Cq(x)  is 
often  characterised  by  a  graph  similar  to  that  shown 
In  figure  3.  The  asymptotic  valuo  of  Tg  as  Gq(x)  *  - 
is  approximately  given  by 


Fig.  4  Steady  slate  temperature  error  of  the 
experiment,  Tg  versus  changes  in  the  outside 
temperature,  Tq,  from  its  nominal  value  Tq(0).  Tho 
slope  of  this  linu  yields  a  good  estimate  of  Rug/Rog. 
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The  confirmation  that  this  is  the  correct  model 
ef  a  conventional  even  is  demonstrated  by  the  {act 
that,  (or  Mat  even*,  the  temperature  change  o(  the 
experiment  due  te  change*  In  the  outaltle  temperature 
la  basically  linear. 

A  Camoensated  thermal  Enclosure 

the  (ermulatlon  of  the  problem,  a*  given  above, 
for  a  conventional  thermal  enclosure  illuxtrate*  that 
achieving  large  thermal  gain*  with  an  enclosure  i* 
net  necessarily  eufflelent  to  beep  the  enclosed 
experiment  at  the  correct  or  even  at  a  constant 
temperature.  1(  JW/Jtug  l*  larger  than  C(}(0,  then 
the  effect*  outlined  above  will  dominate  the 
temperature  performance  of  the  enclosure  that 
surround*  the  experiment.  Clearly  should  be 
chosen  as  small  as  possible  consistent  with 
attenuating  the  high  frequency  thermal  noise  in  the 
thermal  regulation  servo  and  reducing  the  thermal 
gradients  in  the  shell  of  the  thermal  enclosure. 

These  thermal  gradients  seale  roughly  as  Kgvov'/*H0V 
(Rgg'/fityg)  where  kovov'  is  the  nominal  thermal 
impedance  from  one  enocap  of  the  oven  to  the  ether, 
*HQV  l*  the  thermal  impedance  from  the  heater  to  the 
oven  shell,  and  Kgg*  is  the  thermal  impedance  from 
one  end  of  the  experiment  to  the  other.  In  some 
cases  it  is  possible  to  decrease  bug  and  Increase  the 
thermal  heat  capacity  of  the  experiment  in  order  to 
preserve  the  same  value  of  t^,  and  still  decrease 
the  relative  temperature  error  which  is  proportional 
to  ffug/ftQv.  There  I*  also  another  solution  to  the 
problem  which  preserves  the  thermal  filtering  of 
that  is  to  measure  T0(t)  •  Tjj  and  use  the  result  to 
ehange  the  thermal  sensor  set  point  by  an  amount 
equal  to  the  right  hand  side  of  equation  6  (4).  This 
is  shown  in  figure  5.  In  practice  this  is  easily 
accomplished  since  on*  need  only  measure  the  relative 
temperature  changes  of  the  outside  -shell  versus  a 
nominal  setpoint  Tq(0)  (term  6a).  Term  6b  only 
contributes  an  offset  which,  for  many  applications, 
can  be  ignored.  The  effects  of  a  time  varying 
thermal  gradient  between  the  position  of  measurement 
of  the  outside  temperature  and  the  effective  position 
of  the  thermal  connection  between  the  experiment  and 
the  outside  are  Included  in  &).  ?  via  The 

temperature  error  of  the  experiment  using  the  scheme 
shown  in  Figure  S  is  given  by  equation  ?. 

Tt(O-T,(0)  «  lObCO'TotOJlKjx  • 

kflt 


l(T0(O-T0(0) 


(7) 
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Hie  temperature  coefficient  of  the  experiment  duo  to 
changes  in  tho  temperature  of  the  outside  is 
approximately  given  by 


TC 


■ 


dT0 


dMO) 
dT0  J 


Cra 


(8) 


Fig.  5  Schematic  representation  of  an  experiment 
contained  within  an  oven  shell  using  feedback  to 
compensate  Tg(0),  the  set  point  of  the  oven.  The 
various  temperatures  are  represented  by  T's  and  the 
thermal  impedances  by  K*s.  SCO)  is  the  set  point  of 
the  oven,  Cq(\)  is  the  oven  gain,  Tq(0)  is  the 
nominal  temperature  of  the  outside  shell,  $2  is  the 
second  sensor,  v«*  is  the  gain  of  the  second  feedback 
circuit  which  modifies  the  temperature  of  the  primary 
enclosure  set  point  StO),  and  6f(t)  is  the  tla* 
varying  thermal  gradient  along  the  outside  shell 
between  the  seeond  sensor  and  the  effective  point  of 
thermal  coupling  from  the  outside  to  the  experiment. 


One  notes  that  Tr  can  be  adjusted  from  plus  to  minus 
or  xero  by  changing  the  feedback  gain,  C»,  to  within 
a  precision  limited  only  by  the  time  variations  of 
■6|(t).  Additionally,  variations  of  4j(t)  with  T<)  are 
unimportant.  Improvement*  In  Tq  are  always  possible 
if  the  open  loop  performance  (l.e.,  Cpg  «  0)  conform* 
with  Figure  4.  Adjusting  Tg  to  approximately  xero  is 
equivalent  to  increasing  tlw  thermal  gain  at  the 
experiment  to  Infinity.  In  practice  it  has  proven 
possible  to  achieve  thermal  gains  In  exeess  of  10* 
using  a  single  oven  shell  fabricated  from  1.6  mm 
thick  aluminum  cylinder  about  25  cm  long  and  18  cm  In 
diameter.  The  ends  were  about  0.63  cm  think  and 
carried  the  heaters.  Tim  experiment  under  control 
was  an  alumina  cylinder  of  *  4  kg  weight,  X||g  was  of 
order  )  hour.  Particular  care  was  taken  to  reduce 
thermal  gradients  across  tho  experiment  and  to  heat 
sink  the  cables  connecting  the  experiment  to  tho  oven 
to  Increase  Rgg. 

The  question  which  naturally  arises  when 
compensating  the  oven  temperature  In  this  manner  Is: 
what  happens  to  the  thermal  transient  response  of  the 
experiment?  The  reason  that  tj|£  Is  finite  (hours  In 
some  cases)  is  that  a  long  time  constant  is  perceived 
to  be  necessary  In  order  to  reduco  the  thermal 
transients  due  to  noise  in  the  ovon  servo  and  thermal 
gradients  in  the  experiment.  The  transient  response 
can  easily  be  understood  by  modeling  it  as  an 
equivalent  electrical  circuit  in  (figure  6)  where  Tg 
■*  VE>  *fll  **  VH  otc* 
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Fig.  6  Electrical  stales  fop  the  thermal  circuit  a f 
the  hestar/eoalar,  thermal  sensor,  experiment  shading 
the  various  coupling*. 


If  V„  or  Vg  changes,  the  value  of  Vg  move* 
toward*  the  ue«  equilibrium  value  of  V«  *  (Vq-v(() 
%g/tFug  V  ggg)  with  a  time  constant  at 
Xu?  *  vCpkutkeg)/(FLwl>W) .  If  hoover  V«  were  to 
mirror  Vq  a*  vs- CV0- Vg )n^R/CRMv*lfog) ,  Vg  would  stay 
perfectly  constant.  This  can  he  approximated  in  the 
real  oven  by  having  Th(x)  *  T$(x)  track  the 
compensated  value  of  Tg(0)  f  TTqCx)  *  To(0)l6y*  with 
tl»e  constant  xg.  The  magnitude  of  the  thermal 
transient  at  the  experiment  due  to  a  change  In  T<j 
will  he  of  order 


Fig.  7  Curve  A  show*  the  calculated  thermal 
transient  response  of  the  experiment  In  an 
uncompensated  thermal  enclosure  for  a  step  change  on 
the  temperature  of  the  outside  shell  normallxed  by 
RltE^*Q£*  Curve  ft  shows  the  calculated  response  using 
a  perfect  thermometer  on  the  experiment  with  the 
fastest  stable  feedback  response  In  the  compensated 
network,  namely,  xg  ■  4g|w.  Curvo  C  shows  the 
calculated  response  for  too  compensated  servo 
described  In  the  text  assuming  that  the  second 
thermal  sensor  on  the  outer  shell  has  a  time  constant 
of  Tus/lO.  In  general  the  peak  height  for  to  «  xiip 
Is  given  In  eq.  9. 


ATt  *  (I)  (“&-)  fe)  (CT‘<0  '  •  C9> 


Clearly  this  Is  reduced  by  making  xg  as  small  as 
possible.  The  lower  limit  of  xg  Is  *  4(xjjg  +  xgx)* 
where  xga  is  the  thermal  response  of  the  second 
sensor  measuring  the  relative  temperature  of  the 
outside. 

Therefore,  If  Instead  of  using  the  oven 
compensation  outlined  here,  one  uses  a  perfect 
thermooeter  on  the  experiment  to  measure  the 
temperature  error  due  to  Tq  changing,  the  smallest 
value  that  eould  be  obtained  for  xR  Is  about  *xJtg. 
Since  xsx  can  be  orders  of  magnitude  less  than  the 
thermal'  lag  of  the  experiment,  Xug,  this  compensated 
oven  approach  will  produce  much  Letter  thermal 
transient  reduction  at  the  experiment  than  having  , 
perfect  thermometer  on  the  experiment.  Tills  Is 
Illustrated  In  Figure  7,  and  qualitatively  verified 
on  the  single  oven  system  mentioned  above.  TIiq 
sensor  on  the  experiment  can  also  be  used  In 
conjunction  with  the  method  outlined  here  to  obtain 
superior  long  tern  performance. 


Discussion 

Based  on  the  above  analysis  one  can  formulate 
guidelines  for  achieving  very  high  thermal  gains  in 
single  enclosures.  These  guidelines  are: 

1)  Make  xjk,  the  time  constant  between  the 
heater/cooler  and  the  thermal  sensor  as  small  as 
possible  and  use  at  least  one  Integrator  in  order  to 
make  Cq(i),  the  electronic  gain,  large. 

2)  Hake  the  thermal  resistance  between  the  heater  (or 
cooler)  and  experiment,  Rjjg,  as  small  as  possible  and 
still  achieve  the  desired  reduction  of  high  frequency 
noise  and  themal  gradients  In  the  experiment. 

3}  Hake  Hog,  the  thermal  resistance  from  the  outside 
to  the  experiment,  ax  large  as  posslblo, 

4)  Hake  the  thermal  gradient,  6j(x).  between  the 
measurement  point  of  Tq  for  tlm  compensation  network 
and  the  effective  point  of  thermal  connection  for 
Rqj?,  as  small  and  as  constant  in  time  as  posslblo. 

5)  Adjust  the  servo  gain  Cpg  (of  eg.  8)  so  as  to 
minimise  the  thermal  coefficient  of  the  "experiment". 

Following  these  guidelines  generally,  it  is 
posslblo  to  achlevo  thermal  regulation  (gain)  at  the 
experiment  which  is  1  to  2  orders  of  magnitude  better 
than  that  achieved  in  the  same  enclosure  using  the 
conventional  approach.  The  thermal  transient 
response  can  be  similarly  improved.  In  several 
experiments  using  a  large  single  oven  approximately 
2S  cm  long  and  18  cm  in  diameter,  thermal  gains  in 
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excess  of  10*  were  obtained,  Multiple  enclosures  can 
bo  treated  ax  successive  single  enclosures. 
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During  measurement  of  the  aging  of  reso¬ 
nators  and  oscillators,  it  has  been  customary 
to  ainimizo  tho  effects  of  all  frequency- 
determining  paraaeters  other  than  tiae.  It  is 
iaportant  to  perfora  the  experiments  at  con¬ 
stant  teaperature,  drive  level,  etc.  in  order 
to  bo  sure  that  the  frequency  changes  aeasured 
are  due  to  "aging, "  and  not  to  soae  other 
changing  paraaotor.  In  aany  real-world  appli¬ 
cations,  however,  the  oscillatc.'e1  aging 
occurs  simultaneously  with  exposure  to  chang¬ 
ing  onvironaents. 

Aging  experiaents  on  oscillators  indicate 
that  power  on-off  cycling  and  teaperature 
cycling  of  the  oscillators  during  aging  does 
not  worsen  the  total  frequency  change  during 
the  aging  period,  in  most  cases,  changing  the 
resonator  drive  level  in  discroto  steps  did 
not  affect  tho  aging  rotes  of  precision  sc-cut 
oscillators,  up  to  2.5  aa  of  drive  current. 
The  aging  of  precision  SC-cut  resonators  did 
not  iaprove  significantly  when  the  aging  was 
performed  at  teaporatures  about  100°C  lowor 
than  the  teaporatures  at  which  ovenised  oscil¬ 
lators  are  usually  operated. 

Introduction 

Aging  is  defined  as1  "The  relationship 
between  oscillator  frequency  and  tiae  whon  tho 
oscillator  frequency  is  aeasured  under  con¬ 
stant  environmental  conditions.”  Histori¬ 
cally,  during  tho  measurement  of  aging,  it  has 
been  necessary  to  minimize  tho  effects  of  all 
frequency-determining  parameters  other  than 
tine.  Only  by  doing  so  con  one  bo  sure  that* 
the  frequency  change  measured  is  duo  to 
"aging”,  and  not  to  some  other  changing  param¬ 
eter. 

In  many  roal-world  applications,  aging 
occurs  simultaneously  with  other  changing 
conditions.  Tho  major  goals  of  tho  investiga¬ 
tions  described  below  wore:  1.  to  compare  the 
aging  undor  constant  conditions  with  tho  aging 
under  changing  conditions,  and  2.  to  determine 
if  a  significant  improvement  in  aging  rate  can 
be  obtained  by  lowering  tho  aging  temperature 
to  below  zero  Celsius.  The  "changing  condi¬ 
tions”  wore  on-off  cycling,  and  drive  level 
variations. 

Since  in  some  of  tho  experiments,  the 
"aging"  conditions  were  intentionally  varied, 
the  term  "aging"  is  used  loosely  in  this 
paper,  i.e.,  "aging."  includes  frequency  varia¬ 
tions  with  both  the  tine  and  the  condition 
being  varied. 

The  experimental  methods2,  tho  ceramic 
flatpack  enclosed  resonators3,  the  special 
test  oscillators4,  and  the  Tactical  Miniature 
Crystal  Oscillators5  used  in  these  investiga¬ 
tions  have  been  described  previously. 
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In  many  applications,  oscillators  are 
used  intermittently.  When  the  equipment  is 
turned  off,  so  is  tho  power  to  tho  oscillator. 
There  is  virtually  no  information  in  tho 
litorature  on  how  frequont  on-off  cycling 
affects  the  aging  of  oscillators. 

TMXO 

A  group  of  <0  Tactical  Mlnlaturo  Crystal 
Oscillators  (TMXO)  were  placed  on  aging. 
Theso  oscillators  contained  ceramic  flatpack 
enclosed  10  MHz,  3rd  overtone,  sc-cut  resona¬ 
tors.  Tho  resonator  drive  currents  were  0.3  aa 
to  0.4  aa.  Tho  oven  temperatures  within  tho 
TMXO  wore  set  to  tho  crystal  units'  upper 
turnover  temperatures,  which  ranged  froa  98°C 
to  115°C. 

The  oscillators  ware  placed  into  a  tem¬ 
perature  chamber  and  ccolcd  to  -45°C.  Aftor 
an  initial  continuously-on  stabilization 
porlod  of  11  days,  the  oscillators  wore  on-off 
cycled  at  24  hr  intervals,  i.e.,  on  24  hrs 
then  off  24  hrs,  for  tho  next  37  days.  After 
this  initial  on-off  cycling,  tho  oscillators 
wore  kopt  continuously-on  for  12  days,  thon 
the  on-off  cycling  was  continued  for  anothor  7 
days.  Tho  chamber  was  thon  hen ted  up  to 
+70°C,  tho  oscillators  wore  kopt  continuously- 
on  for  G  days,  followed  by  on-off  cycling,  at 
24  hr  intorvnls,  for  tho  final  27  days.  Tho 
frcquoncios  woro  moasurod  5  ninutos  after 
turn-on,  thon  at  80  minuto  intervals. 

Representative  rosults  aro  shown  in 
Figures  1  to  4.  The  upper  turnover  tenpora- 
turos,  i.e.,  the  oven  sot-points,  are  indi¬ 
cated  on  tho  figures.  Tho  rosults  show  that 
tho  initial  aging  aftor  turn-on  was  somotimos 
worso  whon  tho  chamber  temperature  was  -45°C 
(o.g.,  in  Figure  1,)  sometimes  it  was  worso 
whon  the  chombor  temperature  was  +70°C  (o.g., 
Figures  2  and  3,)  and  somotimos  tho  rosults 
wore  comparablo  at  tho  -45°C  and  +70°C  temper¬ 
atures  (o.g.,  Figure  4.)  Of  tho  40  units,  20 
woro  better  at  -45°C,  4  woro  bettor  at  +70°C, 
13  woro  about  tho  soma  at  tho  two  tempera¬ 
tures,  and  3  units  failed  during  the  experi¬ 
ment. 

If  one  fits  curves  to  tho  points  at  tho 
end  of  each  24  hr  period  and  compares  the 
aging  rate,  as  represented  by  those  curves,  to 
the  aging  rates  during  the  continuously-on 
periods,  no  degradation  in  aging  rates  can  be 
attributed  to  the  on-off  cycling. 

The  -ging  rates  reversed  sign  for  15  of 
the  40  TMXO's.  This  is  a  significantly  nigher 
incidence  of  reversals  than  has  been  observed 
during  the  normal,  continuously-on  aging  of 
other  ceramic  flatpack  enclosed  crystal 
units. 
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TMXO  (UTP*107 .6*  C) 


Figure  1  -  Aging  with  on-off  cycling.  Slope 
is  denoted  for  reference. 


TMXO  (UTP-lOa^C) 


Figuro  Aging  with  on-off  cycling.  Slope  is 
given  for  roforcnco. 


TMXO  (UTP=97.3*C) 


Figure  3  -  Aging  with  on-off  cycling.  Slope 
is  denoted  for  reference. 


Figure  4  -  Aging  with  on-off  cycling.  Slope 
is  denoted  for  roforcnco. 

In  another  experiment,  nine  TMXO's,  in  a 
laboratory  ambient  environment,  wore  aged 
contvinuously-on  for  40  days,  then  wore  turnod 
off  and  stored  at  -40°C  for  ton  days,  then 
wore  turnod  on  and  kopt  on  continuously  for 
103  days,  then  wore  on-off  cycled,  five  days 
on  and  two  days  off,  for  4  complete  cycles, 
thon  woro  kept  on  continuously  for  the  noxt 
207  days,  Representative  results  are  shown  in 
Figures  5  and  6.  Again,  the  tomporaturo 
cycling  did  not  worson  the  aging  rates.  Tho 
slopes  given  on  tho  curves  are  tho  bost  fit 
straight  linos  to  tho  last  third  of  tho  data. 


Figure  5  -  Aging  with  on-off  cycling.  Slope 
is  linear  fit  between  days  noted. 
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Figuro  6  -  Aging  with  on-off  cycling.  Slope 
is  linear  fit  between  days  noted. 

Resonators  in  Test  Or, dilators 


(10  MHx  3rd  SC-cut  at  «oc  LTP) 
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Figure  0  -  Aging  with  on-off  cycling.  Slopo 
denoted  is  for  reference. 


On-off  cycling  aging  experiments  wore 
also  porfornod  with  tho  special  tost  oscilla¬ 
tors  on  five  SC-cut  10  Mils  3rd  overtone 
ceramic  flotpack  enclosed  resonators.  Zn 
order  to  minimize  tho  effects  of  oscillator 
circuitry  on  tho  aging,  tho  resonators  wore 
operated  naar  series  resonance.  The  network 
was  a  Colpitts  design  with  a  b-modo  rejection 
circuit,  03  shown  in  Figure  7.  The  drivo 
currants  rongad  from  0.4  to  0.6  no.  The  ovon 
(i.e.,  turnover)  temperatures  ranged  from  00°C 
to  91°C.  The  oscillators  remained  at  labora¬ 
tory  ambient  temperature  during  tho  experi¬ 
ment.  During  tho  lost  phase  of  tho  oxj:».>*i- 
nant,  the  oscillator  circuitry  alone  was 
cyclod,  without  cycling  tho  ovens.  Represen¬ 
tative  results  ore  shown  in  Figures  8  to  11. 
Tho  on  and  off  periods  are  noted  on  tho 
curves. 


Figure  7  -  Crystal  network  in  test 

oscillators. 


Again,  the  on-off  cycling  did  not  degrade 
the  aging  rates.  The  aging  rates  noted  on  the 
curves  are  comparable  to  the  rates  observed 
for  similar  resonators  that  have  been  aged 
under  continuously-on  conditions  for  com¬ 
parable  periods.  In  this  group  of  resonators, 
none  exhibited  an  aging  rate  reversal. 


(10  MHz  3rd  SC-cUs  at  91»C  LTP) 
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Figure  9  -  Aging  with  on-off  cycling.  Slopo 
denoted  is  for  reference. 


(10  MHz  3rd  SC-cut  at  80<>C  LTP) 
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Figure  10  -  Aging  with  on-off  cycling,  slope 
denoted  is  for  reference. 
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(10  MHz  3rd  SC-cut  at  M«C  LTP) 
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Figure  11  -  Aging  with  on-off  cycling.  Slopo 
donotcd  is  Cor  reference. 
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In  another  project,  on  the  evaluation  of 
commercial  TCXO's,  the  long  torn  stability  of 
3.2  Mils  TCXO'3  (27  total,  Cron  Cour  vondors) 
was  evaluated  during  a  period  oC  4 00  days. 
Tho  sequence  oC  ovontn  during  the  evaluation 
was  as  Collows: 


Figure  12  -  TCXO  aging  with  tonporaturo 

cycling. 
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During  tho  aging  periods,  tho  TCXO's  were  in  a 
tonporaturo  chanbor  that  was  stabilized  at 
50°c  il°c.  Each  Croquoncy  vs.  tonporaturo 
(C  vs.  T)  run  was  conducted  according  to  tho 
Collowing  procoduro: 


Figure  13  -  TCXO  aging  with  tonporaturo 

cycling. 


1.  Cool  chanbor  fron  roon  tonporaturo  to 
-55°C  in  about  20  ninutos,  without  collecting 
data. 

2.  Dwell  at  -55°c  for  60  nin;  noasuro  fre¬ 
quencies  at  tho  end  of  tho  60  nin. 

3.  Collect  data  while  heating  tho  chanbor  to 
+85°C,  then  cooling  it  to  -55°C,  in  2°C  stops. 
After  each  2°C  stop,  stabilize  for  Cour 
ninutos  and  collect  data  for  an  additional 
four  minutes. 

4 .  Heat  chamber  to  roon  temperature  in  about 
20  minutes,  without  collecting  data. 

Eleven  of  the  TCXO's  failed  during  the 
evaluation  (seven  out  of  the  11  were  units 
made  by  one  of  the  four  vendors.)  Six  of 
these  stopped  operating  during  the  f-T  runs, 
three  stopped  operating  during  one  of  the 
aging  periods,  and  two  were  deemed  to  have 
failed  because  the  aging  rates  increased 
significantly  after  one  of  the  f-T  runs.  The 


Figure  14  -  TCXO  aging  with  temperature 

cycling. 
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results  (or  one  of  the  letter  two  ere  shown  in 
Figure  12.  Representative  results  for  the  16 
TCXO ' s  which  stayed  within  a  +0.5  ppm  range 
during  the  400  days  are  shown  in  Figures  13 
and  14.  Note  that  the  y-axis  scale  is  in 
parts  per  million  (ppm)  whereas  the  ,arlier 
scales  were  in  parts  per  billion  (ppb) . 


Aging  at  -10<>C 

(5MHz  3rd  SC-cut,  after  pre-aging  and  high  driving) 


In  a  previous  report2,  results  for  aning 
rates  at  about  -10°C  for  thirty-day  periods 
wore  described,  and  the  rationale  tor  possible 
aging  rate  improvements  at  -10°C  was  also 
discussed.  The  intent  of  the  earlier  study 
was  to  investigate  the  temperature  dependence 
of  aging  rates. 

The  earlier  investigations  have  now  been 
extended  to  long  tern  aging.  A  group  of  nine 
5  Hits  3rd  overtone  SC-cut  crystals,  with  lower 
turnover  temperatures  in  tho  vicinity  of 
-10°C,  were  placed  on  long  tern  aging  in  the 
special  test  oscillators.  The  test  oscillators 
allowed  for  operation  in  a  freezer,  i.e.,  were 
built  so  that  the  controls  for  setting  the 
oven  tesporaturo  and  drive  level  were  outside 
tho  freeser. 

After  the  initial  200  days  of  aging,  the 
experiment  was  interrupted  bocauso  sono  of  the 
day  to  day  frequency  chnngoa  were  erratic,  ns 
can  bo  seen  in  Figure  15.  It  was  discovered 
that  the  usual  high-driving  (about  20  na  for 
about  30  seconds)  prior  to  installation  into 
an  oscillator  had  not  been  applied  to  this 
group  of  resonators.  After  high-driving,  tho 
resonators  wore  reinstalled  into  tho  test 
oscillators  and  the  aging  was  restarted. 
Representative  results  for  tho  subsequent  ono 
year  of  aging  aro  shown  in  Figures  1G  to  18. 
Tho  aging  rates,  ns  indicated  by  tho  best  fit 
to  the  data  during  tho  lnttor  half  of  tho 
aging  period,  ranged  from  low  parts  in  1011 
por  day,  ns  in  Figure  16,  to  parts  in  1013  per 
day,  ns  in  Figure  17.  While  these  rates  aro 
respectable,  comparable  rates  havo  also  been 
achioved  at  tho  upper  turnovor  temperatures  of 
SC-cut  crystals,  os  con  bo  soon,  for  oxanplo, 
in  Figuro  5. 


Aging  at  -Hoc 

jtj  (5MHz  3rd  SC-cul,  before  high  driving) 

IP  ,  .  -** .  •  • 

.'•/.*  vV  ,..v***«/“.»*** 

gl  . 

**  * 

r-  *  •  •  ’ 

6  * 

/ 


jO 

a  -4 


v  -6- 
V 


s 

6> 

s 

s 

(S 

m 

IB 

in 

tvi 

tv 

n 

to 

slope  ■  M.l  x  10*ll/day 


Figure  16  -  Low  temperature  aging  of  5  Hits  SC- 
cut  3rd  O/T. 
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Figure  17  -  Low  temporaturo  aging  of  5  MHz  SC- 
cut  3rd  O/T. 


Aging  at  -10oC 

(5MHz  3rd  SC-cul,  »Her  pre-aging  and  high  driving) 


slope  m  -1.3  x  10"^2/day 


v  2- 
\ 


s  ®  ®  s 


8 

8 

8 

8 

8 

in 

8 

m 

(V 

cu 

ro 

to 

Figure  18  -  Low  temperature  aging  of  5  MHz  SC- 
cut  3rd  O/T. 


Figure  15  -  Erratic  aging. 


Drive  I.«vo1  Dependence  of_Aglnci  . 

In  precision  AT-cut  oscillators,  it  has 
been  standard  practice  to  use  a  low  drive 
level  in  order  to  attain  the  lowest  possible 
aging  rate®,7.  For  example,  the  recommended 
drive  level®  for  a  3  Kite  5th  overtone  AT-cut 
unit  that  has  been  used  in  several  manufactur¬ 
ers'  high  precision  ovenised  oscillators  is 
70  *»a  *20*. 


The  low  drive  level  is  necessary  because 
at  higher  drive  levels,  the  AT-cut  crystal's 
nonlinearity  results  in  Instabilities.  A  1967 
revieu  paper9  on  AT-cut  quart:  frequency 
standards,  states:  ''Obviously,  it  is  advisable 
to  operate  high-precision  crystal  units  at  the 
louest  possible  drive  level.  A  change  in 
crystal  current  (or  vibrational  amplitude)  in 
5-  and  2.5-MHs  fifth-overtone  crystal  units 
also  changes  the  aging  behavior.  An  increase 
in  current  from  73  ;<a  by  one  order  of 
magnitude  changes  the  monthly,,  aging  from  1 
part  in  10*°  to  1.3  parts  in  109.M 

SC-cut  crystals'  drive  level  sensitivity 
can  be  significantly  lower  than  the  sensitivi¬ 
ty  of  AT-cut  units10.  Moreover,  whereas  AT- 
cut  units  are  very  susceptible  to  activity 
dips  at  high  drive  levels  (i.e.,  above  about 
1.5  m*  of  drive  current)  in  SC-cut  units, 
activity  dip*  are  an  extremely  rare  occur¬ 
rence,  even  at  the  higher  drive  levels. 

The  aging  of  a  group  of  ceramic  flatpack 
enclosed  10  Mil:  3rd  overtono  SC-cut  units  was 
measured  in  the  special  tost  oscillators.  The 
group  consisted  of  four  resonators  that  were 
aged  at  about  100°C  and  nine  resonators  that 
wore  aged  at  about  -10°C.  The  aging  of  tho  13 
resonators  was  measured  at  three  drive  levels. 
Representative  results  are  3hown  in  Figures  19 
to  22.  Tho  initial  poriod  was  a  stabilisation 
porlod  during  which  the  drive  levels,  noted  on 
tho  figures,  wore  in  tho  range  of  a  few  tenths 
of  a  milliamporo.  On  day  53,  tho  drive  lovolr, 
were  decreased  to  tho  values  indicated.  On 
day  87,  the  drive  lovels  were  increased,  and 
tho  aging  was  continued  to  day  137.  Tho  drive 
levels  during  tho  final  poriod  ranged  from  1.4 
mn  to  2.5  ma. 

The  results  of  this  experiment  indicate 
that  tho  aging  of  those  resonators  have  no 
significant  dependence  on  drive  lovol,  up  to 
the  2.5  ma  maximum  drive  current  used  during 
the  experiment. 

In  another  aging  vs.  drive  level  experi¬ 
ment,  a  group  of  five  ceramic  flatpack  en¬ 
closed  10  MHz  3rd  overtone  SC-cut  resonators 
were  aged  for  223  days  in  the  special  test 
oscillators.  The  aging  temperatures  ranged 
from  71°C  to  108°c.  On  day  43,  the  drive 
levels  wore  changed  from  about  0.03  ma  to 
about  1.2  ma,  and  on  day  123,  the  drive  levels 
were  changed  back  to  the  original  values. 

Representative  results  are  shown  in 
Figures  23  and  24.  In  all  cases,  no  signifi¬ 
cant  discontinuities  in  the  aging  rates  were 
observed.  Of  course,  all  drive  level  changes 
resulted  in  a  frequency  offset  at  the  moment 
of  the  change.  The  offsets  are  a  consequence 
of  the  amplitude-frequency  effect10  in  the 
resonators,  and  possibly,  of  the  changes  in 
the  oscillator  circuitry  due  to  the  effects  of 
the  variable-gain  amplifier.  The  drive  level 
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Figure  19  -  Aging  vs.  drive  lovol  at  100°C. 
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Figure  20  -  Aging  vs.  drive  level  at  100°C. 
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Figure  21  -  Aging  vs.  drive  level  at  -8°C. 
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Figure  23  -  Effects  of  drive  level  changes  on 
aging  at  91°c. 
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Figure  24  -  Effects  of  drive  level  changes  on 
aging  at  92°c. 


chongos  resulted  in  no  frequency  offset  upon 
return  to  the  initial  drivo  levels.  The  aging 
rate  during  the  final  periods  wore  about  what 
one  would  obtain  by  extrapolating  the  aging 
during  the  initial  periods.  That  is,  the 
change  in  drivo  levels  during  the  middle 
periods  did  not  have  a  significant  effect  on 
the  aging  rates  during  the  final  poriods. 

The  crystal  plates  of  the  10  Milt  3rd 
overtone  SC-cut  crystal  units  used  in  these 
drive  level  vs.  aging  experiments  wore  plano¬ 
convex.  The  plates  were  14  mm  in  diameter  and 
the  contours  ranged  from  1.0  diopters  to  7.0 
dioptors.  The  drivo  level  sensitivity  coef¬ 
ficients10,  of  resonators  similar  to  those 
can  bo  oxpoctcd  to  range  from  57  ppb  per  ma2 
to  220  ppb  por  na2.  Evon  tho  220  por  ma2 
resonators  showed  no  dependence  of  aging  rate 
on  drivo  level.  All  of  tho  crystal  platos 
were  cut  from  cultured  quart:,  both  swept  and 
unswopt.  tlo  correlation  was  found  between 
quart:  material  and  tho  drive  lovol  dependence 
of  aging. 


Conclusions 

ftgjna.idsh-grL:glC-c.Y^llng 

On-off  cycling  during  aging  did  not 
worsen  tho  total  frequency  chango  during  tho 
aging  period,  oxcopt  in  a  few  TCXO's.  Tho 
initial  aging  after  turn-on  variod  with  tho 
temperature  during  tho  off-period,  but  not  in 
a  systematic  mannor.  That  tho  initial  aging 
was  worse,  for  some  of  tho  oscillators,  whon 
tho  off-period  was  at  +70°C  than  whon  it  was 
at  -45°c  was  unexpected. 

one  possible  explanation  is  that  the 
initial  aging  is  duo  primarily  to  stross 
relief.  Although  tho  -4D°C  temperature  pro¬ 
duces  a  larger  stress  than  tho  +70°c,  since 
stross  relief  ratos  are  temperature  dopondont, 
stress  relief  at  -4D°C  can  bo  lower  whon  tho 
effect  of  lower  tonporaturo  on  stress  relief 
rate  outwoighs  the  effect  of  higher  stress. 

Since  aging  and  retraco  are  highly  depen¬ 
dent  on  the  resonator's  processing  and  design, 
on-off  cycling  may  or  may  not  affect  the  aging 
ratos  of  other  typos  of  resonators.  There¬ 
fore,  the  above  results  should  not  bo  indis¬ 
criminately  extrapolated  to  other  types  of 
resonators. 

Acino  at  Low  Temperature 

That  the  aging  was  not  significantly 
lower  at  the  -10°C  aging  temperature  than  when 
the  aging  took  place  at  temperatures  100°C 
higher  indicates  that  the  aging  was  not  pri¬ 
marily  due  to  a  single  thermally  activated 
process.  Since  the  resonators  had  been  pro¬ 
cessed  at  high  temperatures  in  order  to  raini- 
mi:e  contamination  inside  the  resonator  enclo¬ 
sure,  the  resonators  nay  have  been  exposed  to 
large  mounting  stresses  at  -10°C. 

The  resonators  used  in  these  experiments 
were  in  four-point  mounts.  The  mounting 
directions  were  the  psi  =  0  ,  90  ,  180  ,  and 
270  degree  directions,  which  are  not  the  zero 
force-freguency-effect  directions  for  SC-cut 
crystals11.  Stress  relief  may,  therefore, 
have  been  a  significant  aging  mechanism  in 
these  resonators.  The  experiment  needs  to  be 
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repeated  with  resonators  dosigned  to  minimize 
the  effects  of  thermal  stresses,  i.o.,  either 
with  resonators  that  are  mounted  along  the 
zero  force-froquency-offcct  directions,  or 
with  resonators  of  the  BVA-typo12,13  designs. 

Dri-Vo  ■Level  Dependence 

That  the  aging  ratos  did  not  vary  with 
drive  level  is  probably  duo  to  the  SC-cut's 
low  amplitudo-frequoncy  effect  and  to  stablo 
oscillator  circuitry.  That  drive  levels  up  to 
2.5  ma  did  not  degrade  the  aging  ratos  has 
potentially  significant  implications  for  tho 
design  of  low  noise-floor  oscillators.  Exper¬ 
iments  are  planned  on  drive  level  vs.  aging 
and  vs.  short  term  stability,  at  higher  drive 
levels. 
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THE  DESIGN  ASP  ANALYSIS  OF  VltK/UltF  CRYSTAL  OSCIMATOKS 
A.  Benjanlnxon 

Systematic*  General  Corporation 
Crystal  City,  Arlington,  Virginia 


Suaaary 

Tills  program  is  written  for  use  on  III’  Series  200 
Computers  with  a  minimum  of  BASIC  2.0.  Tlie  5.25" 
flexible  disk  also  contains  files  for  storing  input 
and  output  data. 

The  current  program  produces  a  design  for  either 
of  two  series  resonant  crystal  oscillators  using  ei¬ 
ther  Hulk  Acoustic  Wave  Resonators  (HAWK),  or  Curfaca 
Acoustic  Wave  units  (SAVR).  The  latter  may  be  either 
l-l’orc  or  2-1'ort  devices  of  either  phase.  One  design 
is  for  Meacham  Brldgo  oscillators  (UXO)  the  other  for 
the  conventional  SRO's  used  for  VHK/UHF  SAWRO's  with 
impedance  transforming  inductors  at  collector  and 
base  terminals. 

Those  designs  are  based  on  the  configuration 
shoiai  in  Figure  1.  The  BXO  uses  bridge  resistor  Rj, 
while  the  SRO  does  not.  The  design  programs  use  some 
simplifications  to  achieve  a  workable  sec  of  compo¬ 
nent  values,  and  then  interact  with  the  analysis  sec¬ 
tion,  to  provide  feedback  that  will  modify  the  design, 
particularly  with  respect  to  the  translator  input 
admittance,  Yin. 

The  analysis  section  is  used  to  accurately  ana¬ 
lyze  the  performance  of  the  selected  design  that  fits 
the  configuration  of  Figure  1.  (such  as  the  Fierce 
Oscillator)  The  six  network  reactances  can  be  either 
inductive,  or  capacitive,  depending  on  the  circuit 
involved.  Components  nay  be  eliminated  by  entering 
zero  for  a  closed  path,  or  a  largo  number,  l.e.  lEb20, 
for  an  open  path.  It  is  also  possible  to  enter  com¬ 
mon-base  parameters  and  analyze  grounded-base  oscil¬ 
lator  circuits. 

When  resonator  data  is  entered  for  either  design 
or  analysis,  the  frequency  is  assumed  to  be  the 
series-resonant  frequency,  and  a  value  of  Li  is  cal¬ 
culated  to  resonate  with  the  entered  value  of  Cl  at 
this  frequency. 

The  value  of  L6  is  also  calculated  In  analysis 
to  resonate  with  Co,  if  entered.  It  may  also  bo  mod¬ 
ified  later,  as  may  all  input  values,  when  changes  in 
the  circuit  are  to  be  tested,  via  the  analysis  rou¬ 
tine.  Wien  a  2-Fort  SAWR  is  to  be  used,  the  values 
for  CS1  and  CS2  are  entered  instead  of  Co,  along  with 
the  phase  reversal,  if  any. 

Both  design  and  analysis  sections  require  the 
transistor's  Y-paramcters  which  may  be  entered  direct¬ 
ly  as  common-emitter  or  common-base  factors,  or  al¬ 
ternatively  the  S-paraaeters  may  be  entered.  The  pro¬ 
gram  will  then  convert  common-emitter  E-parameters  to 
common-emitter  Y-paramoters. 

Since  these  parameters  arc  dopurdent  on  Vcc,  Vjj, 
and  Ic,  values  for  those  may  also  be  entered.  The 
program  will  then  compute  values  for  the  bins  re¬ 
sistors  and  by-pass  capacitors  as  shown  in  the  sche¬ 
matic  diagram,  Figure  2. 


Tito  analysis  routine  generates  n  plot  of  gain 
and  phase  versus  frequency  and  also  determines  the 
frequency  offset  (from  the  Fs  value)  required  to  pro¬ 
duce  the  necessary  360  degree  phase  shift.  The  curve 
(shown  in  Figures  3  thru  10)  also  show  how  the  gain 
and  phase  vary  within  a  few  bandwidths  around  the  Fs 
value,  and  Indicate  whether  the  networks  are  peaking 
at  Fs.  By  modifying  the  suspected  element  values, 
the  gain  and  phase  can  be  adjusted  as  required. 

The  sensitivity  routine  can  be  used  to  deter¬ 
mine  which  elemencs  are  most  sensitive  in  terms  of 
frequency  or  gain  control,  and  provides  a  means  for 
assessing  the  effect  of  component  tolerance  changes. 

The  analysis  routine  is  a  purely  linear  algo¬ 
rithm,  and  not  sensitive  to  signal  level.  Estimates 
of  signal  output  power,  transistor,  and  crystal  dis¬ 
sipation  are  made  in  the  design  section  based  on  the 
assumption  of  an  open-loop  gain  of  two,  combined  with 
base-emitter  limiting. 


An  Annroach  to  Oscillator  Design  and  Analysis 

The  design  of  low  frequency  oscillators  such  as 
the  Fierce  family  of  positive  reactance  oscillators, 
and  the  Butler  and  Differential  groups  of  series- 
resonant  oscillators  can  be  accomplished  with  a  min¬ 
imum  of  transistor  data.  The  trnnsconductance  and 
input  impedance  are  all  that  am  required  and  they 
can  easily  bo  derived  from  the  dc  emitter  current  and 
the  nominal  IIFE.  Such  designs  have  developed  into 
the  earlier  computer  programs  of  this  CODA  (Crystal 
Oscillator  Design  and  Analysis)  series.  As  written, 
they  are  useful  to  50  MHz  or  so.  The  latest  CODA- 
DXO,  which  requires  some  Y-parameter  inputs,  is  ac¬ 
curate  to  over  100  MHz. 

The  CODA-SRO  however  is  Intended  for  use  to  at 
leant  1  Cllz  and  requires  the  full  sec  of  Y-parameters 
for  the  transistor  being  considered.  Since  most  tran¬ 
sistor  data  is  derived  from  tests  on  network  ana¬ 
lyzers,  it  is  usually  given  In  S-parancters,  based  on 
a  characteristic  impedance  of  50  ohms.  Tills  program 
will  accept  transistor  S-pnrnnctcrs,  convert  then  to 
Y-parameters,  and  score  them  in  chat  form  for  use 
with  the  selected  resonator,  whose  data  can  also  be 
stored  in  tha  mass  storage  medium. 

An  oscillator  circuit  is  basically  a  narrow¬ 
band  amplifier  Chat  uses  the  resonator  as  a  filter 
clement  to  provide  gain  at  Che  resonator's  operating 
frequency.  The  gain  must  be  sufficient  to  supply 
external  load  power  os  well  as  the  input  power  re¬ 
quired  by  the  amplifier.  A  second  requirement  is  that 
the  phase-shift  through  the  amplifier  must  be  0  (or 
360)  degrees,  so  that  the  power  returned  to  the  input 
will  be  at  the  correct  angle  to  reproduce  the  output 
level,  or  "regenerate"  the  signal. 
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In  practice  (He  small-signal,  open-loop  gain 
(from  Input  to  (He  point  on  the  output  that  will  con¬ 
nect  to  the  Input)  la  usually  calculated  to  be  two 
or  greater,  this  will  Insure  reliable  starting  under 
all  conditions  and  result  In  a  rapid  build-up  of  os¬ 
cillation  until  some  Halting  action,  either  transis¬ 
tor  saturation,  external  Halting  diodes,  or  ALC,  re¬ 
duces  the  gain  to  unity  at  a  sustainable  signal  level. 

Slaple  low  frequency  oscillators,  such  as  the 
Pierce,  use  the  resonator  as  an  inductance  operating 
In  conjunction  with  two  capacitances  to  fora  a  single 
tapped  resonant  circuit.  This  takes  the  fore  of  the 
faalllar  Pi-section  and  produces  close  to  180  degrees 
of  phase-shift  at  resonance.  Since  the  transistor 
(when  connected  as  a  cooaon-ealtter  amplifier)  pro¬ 
duces  a  phase-reversal  of  180  degrees,  oscillation 
occurs  very  close  to  the  frequency  at  which  the  net 
lnduetlve  reactance  of  the  resonator  equals  the  net 
capacitive  reaetance  of  the  two  capacitors.  See  Fi¬ 
gure  3. 

Since  the  only  inductance  In  the  Pierce  oscil¬ 
lator  Is  provided  by  the  crystal  resonator,  the  cir¬ 
cuit  Is  capable  of  operating  on  other  than  the  se¬ 
lected  overtone,  If  sufficient  gain  Is  available. 

Series-resonant  oscillators  however,  employ  a 
low  Q  parallel-tuned  circuit  (connected  to  the  col¬ 
lector  of  the  transistor)  to  achieve  gain  at  the  noo- 
lnal  frequency  of  operaclon,  while  the  resonator  acts 
as  an  additional  high  <)  series  L-C  circuit  that  dic¬ 
tates  the  exact  frequency  of  oscillation.  It  does 
this  by  Introducing  the  appropriate  type  of  reactance 
(+/-)  needed  for  a  precise  3(0  degrees.  See  Figures 
4  and  S. 

As  the  required  frequency  of  oscillation  ap¬ 
proaches  an  appreciable  fraction  of  the  transistor's 
transition  frequency,  fc,  the  phase  shift  through  the 
transistor  Increase  beyond  the  180  degrees  of  low- 
frequency  reversal.  The  angle  of  Yfd  at  ICHs  for 
example,  nay  be  -30  (+180)  degrees  for  an  fc  of  4  Glia. 

The  design  used  In  this  program  accounts  for  this 
additional  lag,  by  introducing  a  second  L-C  network 
at  the  base  of  tho  transistor.  This  network  serves  a 
dual  purpose.  Ic  provides  a  lead  angle  to  reduce  the 
total  phase  shift  to  360  degrees,  and  also  provides  a 
note  suitable  lnpcdnnce  ratio  between  the  crystal  and 
the  Input  base  of  the  transistor.  Tills  can  be  under¬ 
stood  by  reference  to  Figure  1,  in  which  all  the 
elements  of  the  high-frequency  SKQ  are  Illustrated. 

The  collector  of  the  transistor  connects  to  both 
the  cxternnl  load  (as  represented  by  R[_) .  and  the  Pl- 
conneeted  tuned  circuit,  Cj,  Lg,  C2.  Tha  latter  pro¬ 
vides  two  impedance-transforming  functions;  to  reduce 
the  lnpcdnnce  of  (in  parallel  with  g0Q)  to  a  lower 
inpedanee  suitable  for  driving  the  resonator,  and 
convcrsoly  to  cransfora  the  resonator  (in  scries  with 
Its  load)  to  a  higher  lnpcdnnce  facing  the  collector. 
Hie  Pi-network  can  acconpllsh  this  If  it  operates  at 
n  fairly  high  Q  (typically  10  to  20)  to  hold  the 
phase-shift  at  nearly  180  degrees. 

The  second  L-C  Pi-network  (formed  by  C4,  Lj,  C5) 
also  serves  as  an  Inpedanee  transformer  to  convert  the 
Input  Inpedanee,  Yin,  of  the  transistor  to  a  value 
suitable  for  loading  the  crystal  resonator,  and  In 
addition  provides  the  phase  lead  needed  to  offset  the 
phase  lag  of  Yfc. 

The  value  of  Yin,  (as  shown  in  Figure  1)  depends 
on  the  load  Yj^  and  the  y-paraneters,  but  It  cannot 


be  calculated  directly  since  Yj,  is  also  dependent  on 
Yin.  The  program  solves  this  by  using  y^  as  a 
starting  value  for  Yin.  After  a  first  value  for  Y^ 
Is  found,  the  program  analyses  the  circuit,  recom¬ 
putes  Yin  and  Yj,,  and  Iterates  through  this  loop  un¬ 
til  Yin  stabilises.  Two  or  three  such  "passes"  are 
usually  sufficient  to  nehleve  a  stable  value. 


The  C08A-SK0  program  provides  for  either  of 
two  designs,  the  Bridge  Oscillator  (»X0),  or  the 
Serles-Kesenanc  Oscillator  (5R9).  The  most  apparent 
difference  between  the  two,  Is  that  Rj  is  used  in 
the  B3C0  to  fore  an  opposing  are  of  the  bridge  cir¬ 
cuit,  but  Is  not  used  with  the  SKO.  Since  the  cur¬ 
rent  through  Rj  opposes  that  through  the  crystal,  It 
provides  negative  feedback  and  has  a  profound  offset 
on  the  design  algorithm, 

Tha  8X0  should  be  considered  for  lower  fre¬ 
quencies  and  higher  crystal  resistances,  where  Its 
ability  to  raise  the  leaded  Q,  rather  than  reduce  it, 
(with  respect  to  the  unloaded  Q)  Is  most  apparent. 
Both  design  programs  should  be  exercised  however, 
and  a  choice  made  baaed  on  application.  The  SR9 
will  be  considered  first. 


Running  the  Design  Section 

The  program  is  loaded  from  the  flexible  disk¬ 
ette,  after  BASIC  2.0  (or  higher)  Is  In  place;  use 
WAD  "CQDA-SR0" . 

A  Hsc  of  menu  choices  Is  displayed,  the  choice 
is  made  via  the  sole  keys  in  the  upper  row,  left,  of 
the  keyboard.  1c  is  sdvlsable  to  select  "Draw  Sche¬ 
matic"  first  to  study  the  circuit.  The  schematic 
diagram  Is  also  shown  In  Figure  2. 

"HELP"  menus  are  also  provided,  that  explain 
the  operation  of  each  section  of  the  program,  when 
additional  clarification  Is  required. 

if  new  values  for  the  translator,  crystal,  and 
circuit  parameters  are  to  be  entered,  these  may  be 
entered  separately,  or  In  one  data  group.  Select 
for  data  Input  either  "Y-PARAMETERS"  or  "S-PARAMETERS" 
followed  by  CRYSTAL  PARAMETERS"  (which  also  Include 
dc  supply  voltages).  Alternatively,  "AIL  PARAMETERS" 
nay  be  selected,  and  all  values  Including  crystal 
and  Y-parameters,  ecc.  entered  In  one  group. 

The  advantage  of  separate  transistor  and  cry- 
scnl  parameter  files  lies  in  Its  flexibility  to  al- 
iou  inter  "mix  and  match"  selections  of  transistor 
and  crystal  combinations.  The  user  may  now  select 
the  "DESIGN"  section  and  then  either  the  "BXO",  or 
"SR0"  design. 


SRO  PoalRn 


Running  the  design  algorithm  will  require  moro 
decisions  from  the  user  chan  Just  providing  the  par¬ 
ameters  of  the  transistor  and  rcsonntor.  Values  for 
Vcc,  and  Vg,  plus  a  factor,  K^,  will  be  requested 
(the  latter  Indicates  what  fraction  of  the  total  pow¬ 
er  generated,  should  go  to  the  excernal  load,  Rj.). 
Suggested  values  range  from  0.2  to  0.8  and  will  be 
Influenced  by  tho  available  gain  of  the  circuit, 
(whose  final  value  is  also  requested). 

When  excess  gain  is  available,  the  design 
"trades  it  off"  by  reducing  the  load  impedance  Rj,, 
(thus  increasing  K^).  If  the  Initial  gain  is  too 
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leu,  then  the  Q-faeter,  Is  reduced.  If  It  drops 
below  0.2,  the  lead,  X},.  U  raised  Instead  (reducing 
K^,).  .If  Kj,  falls  below  9.1,  a  warning  message  Is 
displayed,  and  the  user  will  have  to  reconsider  his 
Input  decisions. 

the  loop,  after  processing  these  trade-offs, 
prints  the  values  involved;  the  gain  faetor,  Ms,  the 
9-faeter,  H-,  and  the  load  resistance,  Xj..  Tlte  user 
may  study  ti!e  listing  and  consider  changing  the  tran¬ 
sistor  data  to  reduce  yje  by  reducing  the  operating 
current,  thereby  reducing  pou«r  .onsusptlon  as  veil 
as  pouer  output. 

Upon  coepletlon  of  this  routine,  the  "Design 
Section  Outputs"  are  displayed  in  tabular  fora.  Title 
Includes  crystal  and  transistor  labels,  followed  by  a 
table  of  component  values  keyed  to  the  schematic 
diagram,  Including  the  gain  and  Q-faeior.  See  Figures 
6  and  7.  Tlte  equations  used  to  effect  the  SKO  design 
are  listed  in  Appendix  1. 


Tlte  bridge  oselllator  is  similar  In  appearance 
to  the  SKO  except  for  addition  of  resistor  K;,  whleh 
transforms  the  Pl-secclon  (Ci,  Lg,  Cj)  Into  a  source 
of  in-phase  and  out-phase  voltages  that,  combined 
with  XI  and  the  Ks  of  the  crystal,  form  a  Meachsm 
Bridge.  Tlte  crystal  as  a  high  Q  resonator,  offers  a 
very  high  Impedance  to  current  flou,  except  ac  series 
resonance,  and  since  the  current  through  Rl  differs 
by  ISO  degrees  the  feedback  la  negative  except  In  the 
narrow  region  around  resonance.  In  chat  region  the 
current  through  Ks  must  exceed  that  through  K1  by  a 
sufficient  margin  to  provide  the  required  In-phase 
gain. 

Two  ratios  have  been  established  to  control  the 
relative  feedback,  Kv  and  Ke.  Kv  la  the  voltage  ratio 
across  the  collector  to  crystal  network,  (Cl  Id),  C2) 
while  Kc  la  tlte  ratio  of  Rl  to  Ra  (See  Appendix  II). 
Tlte  bridge  Is  balanced  when  Kc*Kv  la  equal  to  -1  (Kv 
la  always  negative)  and  therefore  must  exceed  -l  for 
oscillation  to  occur.  The  exact  value  depends,  of 
course,  upon  V21  and  the  impedances  Involved. 

Tlte  algorithm  sets  acceptable  limits  on  these 
factors,  and  searches  for  the  best  product  to  achieve 
maximum  gain  uith  minimum  unbalance.  This  Is  reflect¬ 
ed  in  tlte  value  for  1U  the  Q-aulclpltcncion  factor, 
which  depends  upon  the  gain  and  negative  feedback 
ratio.  See  Figures  8  and  9. 

Tlte  UXQ  design  algoritlta  runs  the  same  way  as 
the  SKO  algorithm.  Tlte  trade-offs  Involve  adjusting 
the  product  Ke*Kv  to  achieve  tlte  gain  specified.  The 
load  factor,  Kl,  is  not  adjusted  In  tills  procedure. 

It  Is  left  to  the  designer  to  select  as  required. 


When  resonator  data  is  entered  for  either 
design  nr  analysis,  the  frequency  is  assumed  to  be 
tlte  series-resonant  frequency,  and  a  value  of  tt  is 
calculated  to  resonate  with  the  value  of  Cl  at  this 
frequency. 

Tlte  value  of  IA  Is  also  calculated  in  analysis 
to  resonate  with  Co,  If  entered,  it  too,  may  be 
modified  later,  as  may  all  Input  values,  when  changes 
in  the  circuit  are  to  be  tested  via  the  analysis 
routine.  When  a  2-t’ori  SAWR  is  to  be  used,  the 
values  fer  CSI  and  CS2  and  tlte  phase  type  (0°  or  180°) 
are  entered  Instead  of  Co. 

Tlte  analysts  procedure  is  centered  around  a 
subroutine  that  expands  the  equations  shown  in  Fig¬ 
ure  1  to  provide  data  for  plotting  both  gain  and 
phase  against  frequency. 

Tlte  eenter  frequency  of  the  plot  (as  shown  In 
Figure  3}  is  tlte  series-resonant  frequency  of  the 
resonator.  Us  unloaded  1)  Is  used  to  determine  the 
frequency  scale,  which  Is  eight  bandwidtlts  (F„/«5u) 
wide.  The  subroutine  is  used  to  first  plot  open- 
loop  gain,  In  dB,  against  frequency,  then  the  overall 
phase-shift,  also  against  the  same  scale. 

The  same  algoritlta  is  then  used  to  determine 
tlte  exact  frequency  at  whleh  the  phase  shift  becomes 
zero  and  the  difference  between  this  and  fop.  Tlte 
phase  at  the  point  is  then  used  tn  calculate  the 
loaded  Q.  As  shown  in  Figure  3,  all  this  data  is 
tabulated,  some  on  the  plot,  and  some  in  a  following 
table. 

If  no  phase  reversal  Is  located,  the  algoritlta 
asks  permission  to  widen  the  search.  If  granted  it 
will  then  seareh  two  bandwidtlts  around  F„,  and  repeat 
the  procedure  upon  request,  expanding  the  seareh 
range  each  time  until  a  phase  reversal  Is  located. 

After  the  phase  aero  Is  localised,  data  on  the 
magnitudes  (transfer  coefficients)  of  cacti  of  the 
three  sections  of  the  circuits,  Is  also  tabulated. 
Ideally,  the  phase  shift  through  tlte  center  section 
(A;,)  will  be  180  degrees,  with  (ho  collector  and 
base  sections  (Ac  and  Ac)  adding  up  to  -180  degrees 
ac  f0p. 

Tlte  user  Is  also  given  the  option  of  adjusted 
the  balance  of  the  bridge  oscillator  design.  1BXO). 

A  procedure  is  provided  chat  automatically  adjusts 
R),  Clio  negative  feedback  arm  of  the  bridge.  Tills 
directly  afreets  the  magnitude  A^,  and  Indirectly 
both  Ac  and  At.  If  Rj  Is  used  to  bring  the  gain  to 
the  design  value  (usually  2)  and  requires  a  largo 
change,  it  la  advisable  to  rorun  Clio  analysis  to  sea 
If  any  secondary  effects  occur. 


Tlte  sensitivity  analysis  routine  determines  the 

Tlte  analysis  section  Is  used  to  accurately  ana-  effect  of  a  change  In  value  of  any  component  on  gain 

lyze  the  pnrfornancc  of  the  selected  design,  but  may  and  frequency  of  osclllncion.  It  is  expressed  as  a 

also  be  used  to  analyze  any  design  that  fits  cite  con-  change  per  one  percent  of  tlte  component  value 

figuration  of  Figure  1.  (such  ns  the  Pierce  Oscll-  Involved  and  applies  only  to  the  ac  components,  ox- 

lator)  Tlte  six  network  reactances  can  be  either  In-  eluding  the  bias  resistors  and  bypass  capacitors, 

ductive,  or  capacitive,  depending  on  the  circuit  in-  The  sensitivity  Co  component  value  change  is  impor- 

volvcd.  Components  nay  be  eliminated  by  entering  Cant  in  determining  the  tolerance  placed  upon  the 

zero  for  a  closed  path,  or  a  large  number,  i.e.  1F+20,  component  specifications,  and  can  also  be  used  to 

for  an  open  path.  It  Is  also  possible  to  enter  com-  determine  value  changes  required  in  the  design.  Tlte 

mon  base  parameters  and  analyze  grounded-base  oscil-  analysis  ruutinc  is  reran  each  time  a  change  is  made 
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ASSSdiSJL 

Broadens  Used  in  SKO  Design 

Let:  K«  »  Souree  Resistance  driving  Crystal 

Rl  •  Lead  Resistance  facing  Crystal 

Rl  -  Load  Resistance,  representing  external  load 

Kv  ■  erystal/Celleetor  Voltage  Ratio 

8s  ■  Crystal  Resistance  at  Series  Resonant  fre¬ 
quency 

HQ  »  Rada  of  loaded/onloaded  Q  of  Crystal 
«?,  ■*  Open-loop  Voltage  Cain 
Kl  *  Dot  Favar/fotal  Rover 
Then:  Ro  -  Rs  (1-HQ)/2HQ 
Kl  -  So 

Rl  «  (CR*m)Cl/Kl-l)-Ro)/(Ro  C22) 

Rll  »  Rl/CRl  C224I) 

Kv  -  SQR(Ro/Rll) 

Kls  «  (Rs+RD/R*'” 

Kl  -  Rls/(Rls4HI) 

.Mg  -  y’l  RUs  Kv2SQK(Cl  1  /Cln) / (RdRl) 

Tin»ta  «•  arccan  B21/C21 
Zoc  »  SQR(Rll  Ra) 

XL8  «  Zoc  SlnlCO 
XI  -  Zoc2Slnl6Q/(Ko  Cosl60-Zoc) 

X2  «  Zoe2Slnl60/(Rll  Coal60-Zoc) 

Zol  »  SQR(Rl/CIn) 

X3  »  Zoi  Sin(20+Tlieta) 

X5  »  Zol2  Sln(20+Thata)/(Rl  Cos(204Theca)-Zol) 

Xt  «  Zol2  Sln(204Tlma)/ 

(Cos  (20+Thcca) /Cln-Zol 

Cl  -  fop  Cl/2df 

Vo  -  Ic  Rlla 

Po  -  Vo2/Rl 

Pc  -  Vo2  C22 

Pb  -  Vo2Rl/ (RIb (Rs+Ri) ) 

Px  -  Vo2Rs/(Rls(Rs4Rl)) 


Appendix  It 

Conations  l’eed~ In  leslgn 
Let:  Kt  »  RUS* 

Kv  «  trystal/Collector  Voltage  Ratio 

Rs  *  Crystal  Resistance  at  Series  Resonant 
Frequency 

Rll  *  Resistance  at  Collector  due  to  Rl 
R22  *  Resistance  at  Crystal  due  to  Rs 
Rc  *  Bridge  Resistance  at  Collecivr 
Kl  ■  Output  PoveF/Cryatal  plus  Output  Power 
HQ  »  Ratio  ot  I.*4cd/uftl**aded  >}  «?  Crystal 
Hg  «  Open-leop  Voltage  Cain 
Ttten;  2r  *  Rs  Cln 
Zb  ■  Zr/Cln 
Rl  -  Ke  Ks 

Rll  ■  (KcRa24RsZb (Kc+l ) ) /Rs42h { ) -Kv) ) 

R22  -  (KeRs2s RsZb(Kc+l ) ) / (KeRs4Zb( l-l/Kv) ) 

RC  •  RUR22/tR224Kv2Rll) 

Rl  -  RcO/Kl-l) 

Rid  -  RcKl/lKdRi) 

.Mg  -  -T2lRldSiJRCZb/Cln)(l4KcKv)/CRl+Zb(l4Kc)) 

HQ  -  Y2lRld$QR(Zb/Cln)/ 

(Kl4?.b(  l4Kc)  ( I  -S‘jR(Zb/CIn)  /  (RJ4Zb  ( l4Kc) 

Tltetn  »  aretan  B21/C21 

X,  »  (R222/Kv2)Sinl70/(R22  Coal70-R22iKv|) 

Xj  -  (R222/Kv2)Sinl70/(R22/Kv2)Cosl70-R22/|Kv|) 

XL8  -  (R22/lKvl)Slnl70 

X5  -  CZr/Cin2)SlntlOrrti)/ 

(Cos  (104-Tlt)  Zr/Cln-SQR  Zr/Cln) 

X*  -  (Zr/Cln*) Sln(  104Tb) / (Cos 1 104Tli) / 

(Cln-SQR  Zr/Cln) 

X3  -  (SQR  (Zr)/Cin)SIn(10+Tli) 

Cl  -  fopCiCxRl/(2dfRl  cx4fopRsCi) 

Cx  *  fopCIClRs/((fopCl-/dfCl)Rj) 

Vo  ■  Ic  Rid 

Po  -  Vo2/Rl 

°c  ■  Vo2  C22 

Vbl  -  Zb ( 14KcKv) /Rj+Zb ( l4Kc) ) 

Px  -  (Vo (Kv-Vb 1 ) 2/Rs 
Pb  »  (VoKvVbl)2/Zb 
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and  the  gain/phase  plot  reflects  the  effects  of  the 
change. 

There  ere  two  sensitivity  parameters:  1)  Phase 
Zero  Sensitivity,  anti  3)  gain  Zero  Sensitivity.  The 
first  refers  to  the  effect  of  a  parameter  change  on 
the  frequency  of  oscillation  (which  always  occur  at 
the  frequency  of  aero  phase  shift).  While  the  see- 
en<!  refers  to  the  change  In  gain  (Mg)  at  cero  phase. 


The  author  wishes  to  acknowledge  the  *  ,ort  of 
the  U.S.  Amy  laboratory  Command  under  Contact 
PAAU»-»5«>C-044S. 
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Introduction 

The  MOS  gate  oscillator,  built  with  NMOS, 
PMOS,  or  CMOS  processes,  is  probably  the 
most  widely  -  used  oscillator  circuit  in 
the  world:  almost  all  microprocessors  and 
computers,  as  well  as  many  digitally  tuned 
entertainment  radios,  use  a  gate 
oscillator.  Some  of  these  circuits  have 
had  problems  in  production,  perhaps 
because  they  were  designed  by  system 
engineers  with  little  background  in  analog 
circuit  design. 

The  design  of  gate  oscillators  in  the 
frequency  range  of  1  to  SO  MHx  with 
fundamental  and  overtone  crystals  will  be 
covered.  Design  techniques  using 
scattering  (S)  parameters  and  more 
fundamental  methods  will  be  prsented. 

A  fundamental  problem  exists  in  the  design 
of  oscillators:  they  either  work  or  they 
do  not.  It  is  difficult  to  tell  how  well 
they  are  working.  In  the  design  of  an 
amplifier,  specifications  of  gain,  phase 
shift,  time  delay,  pulse  r  'sponse,  etc  are 
made  and  can  be  designed  to.  These 
parameters  can  be  measured  and  compared 
to  specifications  to  evaluate  the  design. 
In  the  design  of  an  oscillator,  it  usually 
oscillates  or  it  does  not.  If  it  doesn't, 
component  values  are  changed  until  it 
does.  It  is  uncertain  whether  we  are  on 
the  edge  of  oscillation  and  that  a  slight 
change  in  circuit  parameters  might  result 
in  no  oscillation.  Computer  simulations 
are  helpful  in  seeing  how  reliable  the 
design  is. 


The  Basic  Gate  Oscillator 

The  basic  crystal  gate  oscillator  and  the 
familiar  crystal  equivalent  circuit  are 
shown  in  Fig  1.  The  configuration  is  the 
Pierce  Oscillator  with  the  crystal 
operating  in  the  parallel  mode.  Fig  2  is  a 
reactance  plot  of  a  quartz  crystal  showing 
the  series  resonant  frequency,  Fr,  and  the 
parallel  or  antiresonant  frequency.  Fa,  of 
the  crystal.  Between  Fr  and  Fa  the 
impedance  of  the  crystal  is  inductive  and 
will  resonate  with  capacitors  Ca  and  Cb  to 
produce  the  desired  frequency  of 
operation.  At  low  frequencies,  the  gate, 
operating  as  an  inverter,  produces  a  phase 
shift  of  180  degrees.  The  crystal  and  the 
network  Ca,  Cb,  and  Ro  provide  an 
additional  180  degrees  of  phase  shift. 
As  long  as  the  power  loss  through  the 
crystal  and  its  associated  network  does 
not  exceed  the  the  power  gain  of  the  gate, 
oscillation  is  assured  at  a  frequency 
where  the  overall  phase  shift  is  zero. 


Figure  1.  Gat*  Oscillator  With  Crystal 
Equivalent  Circuit 


Typical  parameters  for  quartz  crystals 
operating  in  various  modes  and  at  various 
frequencies  are  given  in  Table  1.  These 
values  are  useful  for  starting  design  and 
computer  simulation  models. 

Table  1 

Typical  Crystal  Parameters 


Frequency 

R1 

LI 

Cl 

CO 

(MHz) 

( ohms ) 

(mHy) 

(pF) 

(pf) 

2 

75 

580 

.011 

3.6 

10 

15 

14 

.018 

4.0 

20  Fund. 

20 

3.1 

.02 

4.5 

20  3rd  overtone 

25 

40 

.0015 

3.1 

40  3rd  overton 

25 

9.3 

.0017 

3.8 

Figure  2.  Reactance  Plot  Of  Crystal 
Resonator 
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CMOS  Cat*  Construction 


The  simplest  CMOS  gate  (inverter)  consists 
of  both  a  P  channel  and  an  N  channel 
device  connected  as  shown  in  Fig  3a  (1). 
This  represents  an  unbuffered  inverter. 
Today,  most  gates  are  built  with  two 
additional  stages  to  form  a  three  inverter 
gate:  this  is  the  configuration  of  the 
buffered  gate  shown  in  Fig  3b.  The  single 
inverter  has  less  gain  and  slightly  less 
delay  time  in  the  large  signal  mode;  it 
was  designed  to  be  a  better  oscillator.  On 
first  inspection  it  would  seem  the 
buffered  gate  with  its  three  inverters 
would  have  considerably  more  delay  than 
the  unbuffered  gate  used  as  a  logic 
element,  but  internal  stages  are 
considerably  faster  than  the  output  stage 
and  the  speed  lost  by  buffering  is 
relatively  small.  Due  to  the  gain  in  the 
first  two  stages,  the  output  FETs  of  the 
buffered  gates  are  driven  on  and  off 
somewhat  faster  than  unbuffered  gates  and 
tend  to  consume  less  power  than  unbuffered 
gates  operating  at  the  same  frequency.  As 
a  result,  the  buffered  gat*  makes  a  better 
logic  element  than  the  unbuffered  gate. 
However,  the  small  signal  characteristics 
of  the  buffered  gate  are  considerably 
different  noteably  in  their  trmendous  gain 
(S21)  that  tend  to  make  them  unstables  as 
oscillators. 


"O  vcc 


f— oour  inc 


OUT 


f  '1  'VI 

b)  •urrtnco 


•I  imaurrutco 

Figure  3.  CMOS  Gat*  Construction 


S  Parameter  Analysis 

Recently  S  parameter  analysis  has  become 
the  standard  design  technique  for 
microwave  circuits.  S  (scattering) 
parameters  are  so  named  because  they 
refer  to  the  waves  flowing  into  and 
reflected  from  the  ports  of  the  network 
under  measurement.  S  parameters  are 
relatively  easy  to  measure  over  wide 
frequency  ranges,  and  provide  good  insight 
into  device  behavior.  Traditional  circuit 
analysis  has  used  H,  Y,  or  Z  parameters 
to  calculate  circuit  performance.  These 
parameters  are  difficult  to  measure  at 
high  frequencies,  requiring  accurate  opens 
and  shorts,  and  are  almost  impossible  to 
measure  over  a  wide  band  of  frequencies. 
From  a  practical  standpoint,  many  devices 
oscillate  when  terminated  with  opens  or 
shorts,  further  complicating  the 
measurements. 


_b\ 

J>2 

Sll  - 

al 

a2-0 

S21  - 

~ al 

bl 

1 

S22  - 

b2 

S12  - 

a2~ 

0 

■ 

C 

“a2 

SnundSJJ  Input  and  V>  *0 

SJI  k  kxwvd  9*0  In  ZO 
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Figure  4.  S  Parameter  Definitions 


Fig  4  defines  the  four  S  parameters  of  a 
network.  Sll  and  S22  are  the  input  and 
output  voltage  reflection  coefficients  and 
S21  and  S12  are  the  forward  and  reverse 
voltage  transfer  coefficients.  All 
parameters  are  measured  in  a  constant 
impedance  network,  usually  50  ohms. 

Sll  and  S22  can  be  used  to  find  the  input 
and  output  impedance  of  the  circuit  using 
the  following  relation: 

1  *•  Sll 

Zin  ■  Zo  - - - - 

1  -  Sll 

The  S  parameters  of  a  typical  unbuffered 
HCMOS  gate  are  shown  in  Table  2, while 
table  3  and  4  are  the  S  parameters  for  a 
new  high  performance  microcontroller  (2) 
and  a  single  chip  8  bit  emos 
microprocessor!^] .  An  explanation  of  the 
parameters  gives  some  insight  as  to  the 
device's  performance.  An  Sll  of  .9  at  -4 
degrees  indicates  most  of  the  energy  is 
reflected  from  the  input  of  the  gate.  The 
phase  angle  of  -4  degrees  indicates  the 
impedance  is  high  and  capacitive.  Solving 
the  above  equation  yields  an  equivalent 
circuit  of  Rp  ■  950  ohms,  Xp  ■  -1435  ohms 
The  same  calculation  can  for  the  the 
output  impedance.  S21  of  2  at  178  degrees 
indicates  a  voltage  gain  of  two  when  the 
device  is  driven  from  and  terminated  into 
a  50  ohm  impedance.  The  phase  shift  shows 
it  is  an  inverter  with  slightly  less  than 
180  degrees  of  phase  shift. 

Circuit  analysis  with  S  parameters  is 
almost  impossible  without  the  aid  of  a 
computer  due  to  the  large  number  of 
calculations  with  complex  numbers.  S 
parameter  analysis  programs  for  computers 
have  been  available  for  more  than  a 
decade,  dating  to  Compact[4],  which  was 
originally  written  for  the  G  E  tymeshare 
mainframe  computer  systems  in  the  late 
1960s.  With  the  advent  of  the  IBM  PC,  many 
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Table  2 

Typical  S  parameters:  Unbuffered  HCHOS  Cate  (74HCU04) 


Frequency 

Sll 

S21 

S12 

S22 

MHz 

dB 

Ang 

dB 

Ang 

dB 

Ang 

dn 

Ang 

1 

-.01 

-.6 

8.31 

179 

-58.1 

78 

-1.58 

-.8 

S 

-.03 

-2.8 

8.3 

173 

-43.2 

81 

-1.6 

-3.2 

10 

-.1 

-4.7 

8. 

168 

-38.5 

81 

-1.6 

-6 

20 

-.3 

-8.9 

7.9 

157 

-33.2 

75 

-1.8 

-11 

40 

-1.0 

-16.4 

6.0 

134 

-27.7 

63 

-2.7 

-22 

Table  3 

Typical  S  Parameters:  High  Performance  Microcontroller 


1 

-  .01 

-.4 

-1.4 

178 

-54.8 

82 

-.91 

-.3 

5 

-.0 

-2.7 

-1.5 

171 

-39.0 

85 

-.94 

-2.7 

10 

-.08 

-4.9 

-1.4 

164 

-34.9 

84 

-1.01 

-4.7 

20 

-.24 

-9.0 

-1.5 

149 

-29.2 

82 

-1.21 

-8.7 

40 

-.75 

-15.3 

-1.0 

130 

-25.3 

79 

-1.79 

-15.2 

60 

-1.4 

-22.4 

-0.95 

95 

-20.2 

94 

-3.02 

-21.1 

Table  4 

Typical  S  Parameters:  8  Bit  CMOS  Microprocessor 


1 

-.02 

-  .7  -8.7 

-176 

-60.8 

63 

-.29 

.8 

5 

-.,01 

-1.0  -8.2 

177 

-47.2 

82 

-.31 

-.8 

10 

-.03 

-3.2  -8.2 

173 

-41.6 

84 

-.33 

-2.3 

20 

-.02 

-7.5  -7.9 

167 

-35.4 

84 

-.43 

-5.6 

low  cost  analysis  programs  have  become 
available,  and  one  has  been  reported  in 
the  public  domain[S] .  Tho  advantage  of 
these  programs  is  their  very  fast 
execution  speed  when  compared  to  more 
elegant  software  such  as  Spice[6], 
resulting  in  a  more  interactive  mode.  Some 
programs  feature  optimization  routines 
that  will  vary  component  values  for 
desired  results. 

S  parameter  analysis  programs  solve  a 
network  of  elements  and  give  the  resulting 
S  parameters  of  the  overall  circuit.  The 
characteristic  impedance  in  which  the 
network  is  analyzed  may  be  varied  to  suit 
the  magnitude  of  the  desired  answnrs.  One 
network  suitable  for  gate  oscillator  S 
parameter  analysis  is  shown  in  Pig  5.  Sll 
parameters  of  gate  1  are  used  as  Sll  of 
gate  2  to  present  a  proper  load  to  the 
output  of  the  resonator  network  at  Ca.  The 
remaining  parameters  of  gate  2  are 
idealized  to  that  of  a  perfect  buffer 
(S21«2,  0  degrees,  S22  ■  .99,  -180 

degrees).  This  allows  the  analysis  of  the 
oscillator  with  tho  loop  opened  as  shown 
by  the  dashed  line  in  Pig  S. 

The  analysis  shows  clearly  the  gain 
phase  characteristics  of  the  overall 
network.  Remembering  the  condition  for 
oscillation  to  be  phase  shift  of  zero 
degrees  and  gain  greater  than  unity,  the 
operating  conditions  of  the  circuit  can  be 
visualized.  More  important,  stability  of 
oscillation  can  be  estimated  by  noting  how 
fast  the  phase  characteristic  goes  through 
zero  and  whether  maximum  gain  and  zero 
phase  shift  occur  at  approximately  the 
same  frequency.  Component  values  may  be 
varied  to  see  how  much  better  or  worse  the 
oscillator  starting  condidtion  will  be. 


ii  h,  e, 

yrrr> — 


Figura  5.  Network  Used  To  Simulate 
Open  Loop  Characteristics 
of  CMOS  Gate  Oscillator 
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The  One  Port  Reflective  Amplifier 

The  model  just  described  gives  a  clear 
picture  of  a  complete  gate  crystal 
oscillator  but  does  not  provide  a  feeling 
for  the  contribution  of  the  various 
elements  that  make  for  a  good  or  bad 
oscillator.  Recent  approaches  to 
oscillator  design  (7]  have  used  the  one 
pert  reflection  coefficient  method.  This 
technique  analyses  the  oscillator  circuit 
as  a  one  port  network  and  requires  that 
the  input  reflection  coefficient  of  the 
one  port  network  be  greater  than  the  loss 
associated  with  the  network  termination  - 
in  this  case  the  crystal.  This  must  occur 
at  a  frequency  at  which  the  phase  of  the 
termination  is  equal  and  opposite  that  of 
the  active  notwork.  Oscillation  will 
occur  at  this  frequency. 
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Figure  7.  The  Oscillator  as  a  1  Port 
Reflective  Amplifier 


Fig  8  shows  how  a  network  may  be 
transformed  mathematically  in  Star[8],  an 
S  parameter  analysis  program.  The  X2G 
statement  transforms  the  output  port  with 
the  common  (ground)  terminal.  Rs  has 
been  added  to  the  network  to  isolate  from 
the  termination  impedance.  Now  the  input 
scattering  parameter  Sll  presented  to  the 
crystal  by  the  network  may  be  calculated. 
Similarly,  the  same  technique  may  be  used 
to  determine  Sll  of  the  crystal  from  its 
equivalent  circuit.  In  order  to  obtain 
reasonable  numbers,  the  results  arc 
presented  in  S  parameters  relative  to  a 
1000  ohm  system,  a  characteristic 
impedance  closer  to  the  impedances 
associated  with  crystals  and  KOS  gates. 


Figure  8.  Transformation  of  Two  Port 
(Feedback)  Oscillator  to  a 
t  Port(Negative  Resistance) 
Oscillator 


Fig  9  shows  Sll  for  a  10  Hits  crystal  using 
the  parameters  given  earlier.  For  maximum 
stability,  it  is  desireable  to  operate  at 
a  frequency  where  the  phase  is  changing 
rapidly  with  frequency  -in  the  rango  of 
450  to  4200  degrees.  In  this  region,  the 
crystal  has  the  hifgcst  loss,  approaching 
0.5  dB  at  4150  degrees,  the  frequency  of 
maximum  phase  slope. 


n«ov(Ncr(Mt<) 

Figure  9.  Sll  Crystal 


In  the  interest  of  optimising  the  feedback 
network  many  simulations  wore  run  to 
provide  a  feeling  of  oscillator 
performance  for  the  basic  gate  oscillator 
as  the  load  capacitors  were  varied.  Fig. 
10  shows  the  results  of  changing  CA  for 
several  values  of  CB  on  Sll  for  both 
magnitude  and  phase  for  an  unbuffered  gate 
at  10  Hits.  It  can  be  seer,  that  to  approach 
-100  degrees  of  phase,  fairly  large 
capacitors  .greater  than  50pF,  must  be 
used.  Interestingly,  these  values  also 
produce  the  largest  amount  of  input 
reflection,  the  criterion  for  maximum 
oscillator  activity. 

Simulations  run  on  the  high  performance 
controller  and  the  8  bit  CMOS 
microprocessor  are  shown  in  Fig.  11  and 
12.  It  is  interesting  to  note  that  the 
devices  used  in  these  processors  are 


CA  (pF) 

Figure  10.  Sll  Characteristics 
74HCU04  Gate 
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smaller  and  raault  in  lass  gain  and  higher 
impedances  than  the  devicea  uaed  in  the 
74HCU04  gate.  Optimum  network  capacitance 
is  leas  with  these  microprocessors. 


0  »  40  M  M  100 

CAW 

Figure  11  sil  Characteristics 

•  Bit  CMOS  Microprocessor 


CAW 

Figure  12.  S11  Characteristics 

High  Performance  Controller 


The  results  of  simulations  on  an 
unbuffered  gate  over  a  frequency  range  of 
5  to  30  HHz  are  shown  in  Fig.  13  for  two 
values  of  capacitors  in  the  feedback 
network.  The  magnitude  and  phase  curves  to 
the  left  show  Sll  for  a  network  with  27  pF 
capacitors  -  fairly  standard  design 
values,  and  Sll  for  a  network  with  6  pf 
capacitors.  The  lower  value  of  capacitors 
has  appeal  for  monolithic  2C  designs  that 
would  try  to  incorporate  "on-chip" 
capacitors,  since  capacitors  eat  up  largo 
ammounts  of  chip  area  and  are  therefore 
expensive.  At  the  frequency  of 
oscillation,  the  lagging  phase  angle  of 
Sll  for  the  27  pF  gate  network  matches 
the  leading  phase  angle  of  Sll  for  the 
crystal,  and  Sll  for  the  gate  and 
capacitor  network  shows  more  gain  (greater 
than  unity)  than  the  loss  of  Sll  (less 
than  unity)  for  the  crystal.  Also  it 
should  be  noted  that  the  slope  of  the 
phase  is  changing  fairly  rapidly  in  the 
vicinity  of  oscillation,  indicating  a 
stable  oscillator. 


Figure  13.  Load  Capacitance  Effect* 


considerably  below  20  MHz  while  the  phase 
shift  in  this  area  is  less  than  50  to  60 
degrees.  In  this  region,  the  crystal's 
phase  shift  is  flattening  out  and 
approaching  zero  **  a  condition  not 
desirable  for  good  oscillator  stability. 


'6  50  36  40  SO 
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Figure  14.  Sll  With  Lend  Capacitor 


Higher  Frequency 


Oscillators 


At  higher  frequencies  where  excess  phase 
shift  and  lower  gain  in  the  gates  reduce 
their  performance,  it  is  desirable  to 
replace  the  output  resistor  with  a 
capacitor  to  provide  leading  phase. The 
simulation  results  with  this  circuit.  Fig. 
14,  show  the  improvement  in  magnitude  and 
phase  above  20  MHz. 


However,  for  the  6  pf  capacitor  network, 
the  magnitude  of  Sll  is  reduced 
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Overtone  crystals  are  often  used  above  30 
MH*,  but  since  the  fundamental  response  is 
stronger  than  the  overtone,  it  is 
necessary  to  reduce  the  magnitude  of  Sll 
to  prevent  operation  in  this  region.  The 
use  of  an  L-C  network  will  accomplish 
this.  Simulation  results  in  Fig  IS 
illustrate  how  a  gate  L-C  oscillator  can 
be  optimised  in  the  30  to  50  MHx  range  to 
work  with  overtone  crystals  and  reject  the 
fundamental  mode  (10  to  17  HHs) 


10  90  34  40  M 


rftE0V(NCV(Mti4) 

Figure  15.  S11  LC  Overtone  Oscillator 


Conclusions 

The  use  of  the  reflective  amplifier 
approach  provides  an  insight  to  oscillator 
performance.  Easily  measured  S  parameters 
and  low  cost  analysis  software  allows  for 
rapid  optimisation  of  feedback  networks  to 
assure  starting  conditions  with  gate 
oscillators.  Intrinsic  characteristics  of 
different  gate  designs  require  unique 
external  crystal  network  design. 
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Sarsaaia 


Revision  0  of  the  military  specification 
for  quarts  crystal  oscillators,  MIL-0-55310D, 
is  cxpocted  to  ba  released  during  1907. This 
document  will  supercede  MIL-0-S5310A.  It  will 
permit  the  specification  and  acquisition  of 
nore-reliablo  and  higher-porfornanco  crystal 
oscillators  roquirod  by  modern  military 
equipment. 

Major  modifications  and  improvements  wore 
made  to  requirements  specifying  design  and 
construction,  performance  and  tost,  quality 
assurance,  and  qualification.  Definitions 
were  expanded  and  cwo  now  oscillator  typos, 
the  MCXO  (Mlcrocomputer-componsatod-crystal 
oscillator)  and  the  RbXO  (Rubidium-crystal 
oscillator)  were  added. 

Somo  of  the  changes  discussed  are  modifi¬ 
cations  of  frequency-stability  and  aging 
requirements,  and  the  Introduction  of  several 
now  requirements  such  ns  "Initial  froquency- 
nging,"  "Initial  froquoncy-tenpornturo  accura¬ 
cy  including  hysteresis  and  trim  affoct,"  and 
"Phaso  nolso,  vibration."  Design  and  con¬ 
struction  requirements  changes,  and  now  quali¬ 
ty  assurance  provisions  that  include  1001 
environmental  stress  screening,  and  certifica¬ 
tion  of  hybrid  facilities  and  linos,  aro 
reviewed. 


Revision  D  of  the  general  specification 
for  crystal  oscillators,  MIL-0-DD31QD,  is 
expected  to  be  released  during  1907.  The 
revised  government-industry  coordinated 
specification  will  supercede  MIL-0-55J10A, 
which  was  issued  on  2*5  Hov  1976.  Tha  primary 
reason  for  updating  this  standardization 
document  is  to  enable  the  specification  and 
acquisition  of  devices  that  uso  tho  latest 
crystal  oscillator  technology  and  methodology. 
Changes  wore  necessary  in  order  to  neat  tho 
more  stringent  frequency  control  and 
timekeeping  requirements  of  now  military 
systems.  Defects  existing  In  Revision  A  were 
corrected.  It  is  also  intended  that  Rovision 
B  provide  for  improved  levels  of  quality  and 
reliability.  Rovision  goals  and  preliminary 
coordination  efforts  wore  described  at  tho 
1983  Frequency  Control  Symposium.1 


Tho  MCXO  is  a  microprocessor-based  sys¬ 
tem,  employing  external  means  of  tonporature 
compensation.  Unlike  a  conventional  TCXO, 
there  is  no  pulling  of  tho  crystal  frequency. 
Instead,  time  correction  techniques  such  as 
tho  pulse  deletion  method  shown  in  Figuro  1 
are  usod.2 


Figuro  1.  MCXO  basic  block  diagram. 


Simply  described,  tho  microcomputer  reads 
tho  SC-cut  crystal  temporaturo,  ft,  determines 
tho  necessary  correction  to  tho  uncomponsatod 
crystal  frequency,  fc,  and  then  subtracts  tho 
corroct  numbor  of  pulses.  The  output  can  bo 
described  as  a  tina-corrcctod  pulse  train 
whoso  overage  frequency  is  tho  compensated 
frequency.  Bocauso  of  the  pulse  deletion 
process,  the  output  signal  is  exceptionally 
noisy  and  does  not  lend  itself  to  conventional 
specification  and  inspection  for  frequency 
accuracy.  Tho  approach  token  by  Revision  B 
is  to  specify  MCXO  timekeeping  parformanco  in 
terms  of  clock  accuracy,  and  to  spacify  a  tost 
for  measuring  accumulated  tine  error  under 
specified  operating  conditions. 

A  numbor  of  output  variations  are  pos¬ 
sible.  Tho  tino-corroctcd  signal  can  bo 
divided  to  provido  a  1  pulse  per  second  time 
reference,  and  clock  circuitry  providing 
digital  time  of  day  output  can  bo  incorpor¬ 
ated. 


Changes  havo  been  made  in  each  major 
category  of  the  specification.  Two  now  oscil¬ 
lator  types,  primarily  intended  for  low  power 
timekeeping,  have  been  added.  Numerous  modif¬ 
ications  and  additions  have  been  made  to 
requirements  specifying  performance,  test, 
design  and  construction,  and  quality  and  reli¬ 
ability  assurance.  Definitions  have  been 
expanded.  This  paper  describes  some  of  tho 
more  significant  changes. 


Hl?-Pi2X3 

The  second  new  device  typo,  tho  RbXO,  is 
an  oven-controlled  crystal  oscillator  combined 
with  a  rubidium  reference  source.1  It  is 
intended  to  make  precise  tine  and  frequency 
available  to  military  systems  that  lack  the 
power  required  for  sustained  operation  of 
atomic  frequency  standards.  A  basic  block 
diagram  of  the  RbXO  is  shown  in  Figure  2. 


'US  GOVERNMENT  WORK  IS  NOT  PROTECTED  BT  US  COPYRIGHT' 
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OCXO  ANO  TUNING 
MCMOAYPCAttn 


Figaro  2.  RbXO  basic  block  diagram. 


In  operation,  tho  rubidium  reference  is 
turned  on,  intermittently,  for  a  poriod  of 
about  five  minutes,  to  frequency  adjust 
(syntonise)  the  voltage-controlled  OCXO.  the 
OCXO,  designed  for  low  power  consumption, 
e.g.,  the  Tactical  Miniature  Crystal 
Oscillator  (TMXO),*  is  on  continuously.  A 
digital  tuning  nonory  retains  the  frequency- 
control  voltage  until  tha  noxt  synconisntion. 
Tine  between  cyntonlzntions  is  adjustable, 
depending  on  system  accuracy  requirements  and 
operating  conditions.  This  nathod  provides 
near-rubidiun  standard  accuracy  at  a  total 
power  consumption  not  much  core  than  tho  OCXO 
itself. 

Tho  RbXO  has  introduced  two  now  require¬ 
ments.  One  is  "Syntonization  energy"  which  i3 
cosputed  fron  tho  tine  integral  of  rubidiun 
roforonco  supply  power.  Tho  other  is 
"Magnetic  susceptibility,"  which  specifies 
RbXO  output  frequency  ns  a  function  of  a  DC 
nagnotic  fiold. 

Fromiencv^Tonnoraturn  Performance  _an<LTest 


qucncy-tocporature  accuracy  is  determined  by: 
f-T  accuracy  »  +  MAX  (if  pax,  *fnin) 

where  MAX  (  )  is  the  maximum  value  of  the 
fractional  frequency  deviations,  and  ifpax 
and  i fain  cosputed  as  follows: 

*£max  *  l(fsax  “  *nom)/?noaj 
*?min  "  I (fain  ~  fnoml/fnoal 

For  non-frequency-adjustable  (canufactur- 
er  calibrated)  oscillators,  the  initial  fre- 
quency-tonperature  accuracy  applies  at  the 
tine  of  manufacture  and  for  a  specified  poriod 
following  shipment.  For  frequency-adjustable 
(manufacture-/u8er-calibrnted)  oscillators, 
the  initial  frequency-temperature  accuracy 
applies  at  the  time  immediately  following 
calibration  by  the  manufacturer  or  user. 


Figure  3.  Representation  of  frequency-temper¬ 
ature  performance.  Over  tho  temperature  range 
(Tul  -  T[x) ,  fnax  and  f-,in  have  been  arbit¬ 
rarily  referenced  to  either  a.)  fnon,  b.) 
frequency  at  T ro£  or  c.)  relative  to  each 
other  (no  roforonco  implied). 


initial  frenuenev-terporature  accuracy 

A  major  defect  in  Rovlsion  A  was  a  lack 
of  standardisation  in  specifying  frequency- 
temperature  performance.  It  was  found  that 
among  QPL  oscillator  manufacturers  and  users, 
"Froquoncy-temporaturo  stability"  took  on 
difforont  meanings.  As  illustrated  in  Figure 
3,  some  interpreted  it  as  frequency-tempera¬ 
ture  deviation  limits,  (fnax  aml  fnin»  rafor- 
onccd  to  noninal  frequency),  some  referenced 
tho  deviation  limits  to  froquoncy  nonuured  at 
standard  room  ambient  (TrQf),  while  still 
othors  used  no  roforonco,  (i.o.,  they  consid¬ 
ered  only  relative  poak-to-pcak  deviation) . 
Each  interpretation  can  provide  difforont 
apparent  performance  and  load  to  confusion 
and  conflict  between  user  and  manufacturer. 
This  lack  of  standardization  exists  throughout 
tho  industry  today,  and  is  evident  in 
published  product  specification  sheets. 

Tho  solution  was  to  establish  "Initial 
frequency-temperature  accuracy"  as  tho 
preferred  method  for  specifying  frequoncy- 
tenporaturo  performance.  It  is  defined  as  tho 
"initial  maxinun  permissible  deviation  of  the 
oscillator  frequency  fron  the  assigned  noninal 
value  due  to  operation  over  the  specified 
temperature  range,"  at  noninal  supply  voltage 
and  load  conditions,  other  conditions  remain¬ 
ing  constant.  For  inspection,  initial  fre- 


"Frcquoncy-tenporaturo  stability,"  is 
retained  in  Revision  B  ns  a  special  require¬ 
ment  Cor  uso  in  casos  whore  a  rolative  fro- 
qucncy-tonpornturo  change  is  required  to  be 
specified.  It  is  now  explicitly  defined,  with 
no  reference  implied,  as  follows: 

C-T  Stability  -  l(fRax  -  f„in)/(fmax  +  fain) 
Initial  f-T  accuracy  includlnn_hvnt«Trgplg_aj() 

,tr.jp-flCXgs.fc 

Figure  -5  illustrates  inspection  pro¬ 
cedures  for  a  TCXO  opacifying  "Initial  f-T 
accuracy  including  hysteresis  and  trim  ef¬ 
fect."  Thornally-inducod  hysteresis  manifests 
itself  as  non-repeatability  of  tho  frcquoncy- 
temperature  characteristic  ovor  a  complete 
quasi-static  temperature  cycle.  It  is  indi¬ 
cated  by  tho  frequency  displacement  between 
curves  obtained  for  each  temperature  tost 
cyclo.  Trin  affect  is  tho  showing 
(distortion)  of  the  f-T  characteristic  that 
results  from  froquoncy  adjustment.  For  this 
test,  tho  TCXO  is  subjected  to  throe  complete 
temperature  cycles,  following  frequency  ad¬ 
justment  to  its  marked  offset  fron  noninal 
(condition  1) ,  and  then  to  specified  trim 
range  setpoints  simulating  worst  case  recalib¬ 
ration  (conditions  2  and  3).  The  oscillator's 
performance  is  acceptable  if  its  "max"  or 
"min"  deviation  fron  noninal  for  all  3  condi- 
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tlons  resains  within  specified  accuracy 
Halts. 

This  method  effectively  combines  calibra¬ 
tion  and  temperature-related  errors  into  a 
total  error  requirement  and  minimises  problems 
related  to  specification  and  test. 


Figure  4.  Illustration  of  inspection  for 
"Initial  frequency-temperature  accuracy  in¬ 
cluding  hysteresis  and  trio  effect"  to  speci¬ 
fied  limits  of  12  ppm  (-55°C  to  +0S°C) . 

Frcmiencv-Aning 


InlUgl.ggJLng 

Initial  frequency  aging  is  a  critical 
requirement  for  many  ocxo  applications. 
Military  equipment  frequently  requires  stable 
performance  for  short-duration  missions.  Com¬ 
mencing  with  oscillator  warmup,  rapid  fre¬ 
quency  excursions,  such  os  sho«r.  in  Figure  5, 
may  occur  within  40  hours  after  thermal  stabi¬ 
lisation.  This  effect  is  believed  to  bo  due 
to  contamination  trnnsfor,  stress  roliaf,  or 
thermistor  drift.  It  generally  tonds  to  be 
more  pronounced  after  cold  temporoturo 
storage.  As  a  standard  condition,  Revision  D 
specifies  storage  at  -40°C  for  24  hours 
precoding  turn-on,  and  npocifias  that  data  bo 
takon  for  40  hours.  The  first  data  point  is 
taken  at  the  specified  warmup  time,  10  minutas 
in  this  example.  Since  the  frequency  change 
nay  bo  nonmonotonic,  a  moximun  allowable 
frequency  change  over  the  tost  duration  is 
specified.  A  maximum  rate  of  frequency  chnngo 
can  bo  specified  if  critical  to  tha 
application.  Tha  tQ3t  may  bo  performed  ns  on 
extension  of  the  frequency  warm-up  tost, 
provided  that  the  storage  conditions  are  not. 


time,  e.g.,  5  or  10  years. 


INITIAL.  FREQUENCY  AGING  (000) 
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Figure  5.  Initial  freauency  aging  inspection 
for  a  10  Mils  ocxo. 


Inspection  consists  of  measuring  frequency 
over  a  50  day  period  and  performing  a  least- 
squares  fit  of  the  data  to  the  function: 

f(t)  ■  A  (In  (lit  +  1))  +  f0 

whore  t(t)  is  tho  frequency  of  the  crystal 
oscillator,  t  days  after  the  start  of  tho 
aging  cycle,  and  A,  D,  and  f0  are  constants  to 
be  determined  from  tho  least-squares  fit. 

If  analysis  of  the  data  indicates  that 
tho  aging  trend  is  not  monotonlc,  i.e.,  ex¬ 
hibits  a  roversal,  an  extension  of  the  30  day 
test  period  is  required. 


1 


long-lqm  .Aging 

Specification  of  long-term  frequency 
aging  for  OCXO  and  TCXO  is  based  upon  a  method 
previously  described  for  precision  quartz 
crystal  units5.  Performance  is  now  required 
to  be  specified  by  at  least  2  parameters, 
i.e.,  total  frequency  change  over  a  30-day 
test  period  and  projected  frequency  change  for 
one  year.  A  maximum  aging  rate  per  day  at  day 
30  can  also  be  specified.  One  can  also 
specify  total  change  for  extended  periods  of 


Figure  6.  Long  torn  frequency  aging  inspec¬ 
tion  data  for  a  3.2  MHz  TCXO. 


Figure  6  provides  an  exnnple  of  TCXO 
aging  inspection  data  at  a  specified  tempera¬ 
ture  of  60°C.  Frequency  measurements  are 
required  to  be  made  a  minimun  of  4  times  per 
week,  for  four  weeks  ,  following  a  2-day 
stabilization  period.  Those  are  tho  points 
plotted.  The  solid  line  is  a  plot  of  the  log 
equition  extrapolated  to  one  year  using  the 
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computed  coefficients  displayed  in  the  upper 
left.  computed  parameter  values  (upper  right) 
are  then  compared  to  the  specified  values. 
The  procedure  requires  that  the  r.n.8.  of 
residuals  of  the  data  from  the  function  he 
held  to  less  than  SI  of  the  specified  total 
change.  Five  percent  represents  a  Unit 
within  which  a  valid  fit  is  assumed. 

l'haee  noise,  induced  hy  vibration,  is 
erhaps  the  most  significant  new  requirement 
n  Revision  B.  It  is  Intended  to  meet  the 
improved  spectral  purity  requircRents  being 
demanded  by  new  niiitary  systess.  Because  of 
the  crystal's  acceleration  sensitivity6,  a 
crystal  oscillator  operating  under  the  dynanie 
conditions  encountered  in  a  tactical  environ- 
Rent  will  have  phase  noise  considerably  great¬ 
er  than  at  steady  state  conditions.  The 
prescribed  test  requires  measurement  of  the 
single-sideband  noise  to  carrier  ratio,  (f), 
under  the  specified  vibration  type, 
frequencies,  and  levels.  Figure  ?  displays 
test  results  for  a  3.2  hits  TCXO  subjected  to 
randoa  vibration  along  one  axis  in  accordance 
with  its  specified  spectral  donslty  envelope, 
away  from  peaks,  “high  result  froa 

mechanical  resonances  within  the  oscillator, 
the  phart  noise  is  20  do  to  30  dB  greater  than 
chat  neisured  under  quiescent  conditions.  At 
the  major  resonanca  near  050  kils,  g- 
nppliflcution  results  in  an  additional  30  dB 
of  phase  nolso. 


Figure  7.  Randoa-vibration-induced  phaco 
noise  for  a  3.2  Mils  TCMO. 


Phase  noise,  vibration,  can  be  specified 
as  cither  a  Croup  A  inspection,  i.e.,  tho  tent 
is  porforned  for  each  production  lot,  or  a 
Croup  C  (onvironaental)  inspection  requiring 
only  periodic  inspection.  The  lnttor  caso, 
applicable  to  oscillators  whore  phase  noise 
performance  is  .loss  critical,  is  especially 
useful  in  identifying  oscillator  mechanical 
designs  having  problem  resonances  and 
associated  high  probability  for  nochanical 
failure. 

other  Hew  performance  Roguiren<mfcs 

The  majority  of  now  performance  require¬ 
ments  included  in  Revision  B  fall  in  the 
category  of  special  requirements,  i.e.,  they 
are  applicable  when  specifically  required  by 


the  oscillator  specification  sheet.  "Initial 
frequency-temperature  accuracy  including 
hysteresis  and  trin  effect",  "Initial  frequen¬ 
cy  aging",  and  “Phase  noise,  vibration",  are 
included  in  this  group.  A  partial  listing  of 
other  new  special  requirements  is  as  follows: 

Initial  aeeuraey  at  reference 
temperature 

Frequency-teaperatura  slope  at  reference 
temperature 

Frequency-temperature  thermal  transient 
stability 

Phase  noise,  acoustic 
Re-entrant  isolation 
Output  suppression 
Start-up  time 
Modulation  distortion 
buvlatlon  frequency  response 
Dullt-in-Tosc  (BIT) 

Power  consumption  aging 

Inspection  methods  for  each  of  the  now  per¬ 
formance  requirements  have  also  been  includ¬ 
ed. 

D<i5lqa-3RdL-ggnst£ug£iQJi 

Design  and  construction  requirements 
changes  row  require  specification  of  the 
construction  technology  to  bu  employed  for 
each  oscillator  device.  Three  categories  of 
construction  technology  are  included,  i.e., 
discrete,  custom  hybrid  microcircuit,  and 
mixed.  Special  criteria  are  applied  to  each 
category.  Packaged  devices  used  in  discrete 
construction  are  required  to  comply  with 
requirements  for  either  established  reliabili¬ 
ty  or  OTANTX  parts,  and  custom  hybrid  microcir¬ 
cuit  construction  is  required  to  be  in  accor¬ 
dance  with  applicable  requirements  of  Appendix 
C,  HIL-M-303107.  Mixed  construction,  which 
combinos  discrete  and  hybrid  microcircuit 
assemblies,  requires  that  tho  hybrid  portion 
be  screened  in  accordance  with  MIL-5TD-003®. 
Requirements  have  also  boon  added  for  oscilla¬ 
tors  using  uncased  quarts  resonators.  These 
requirements  are  intended  to  rosult  in 
improved  reliability  by  eliminating  inferior 
rosonator  mounting,  sealing,  and  frequency 
adjustment  methods. 

Two  product  assurance  levols,  Class  D  and 
Class  S,  have  been  established.  Oscillators 
arc  now  required  to  be  1001  screened  at  stress 
IqvoIs  appropriate  to  tho  dovico  class  and  the 
construction  technology  used. 

Within  24  months  froa  issuance  of  Revi¬ 
sion  B,  manufacturers  of  hybrid  microcircuit 
oscillators  will  bo  roquired  to  show  comp¬ 
liance  with  MIL-STD-17729.  That  document 
currently  imposes  o  uniform  sot  of  standards 
for  line  certification  and  process  quality  on 
manufacturers  of  general  niiitary  hybrid 
microcircuits  covered  by  MIL-M-38510.  It  is 
intonded  that  hybrid  crystol  oscillator  manu¬ 
facturers  provide  at  least  comparable  quality 
and  reliability  assurance. 

Conclusion 

Revision  B  has  resulted  in  sweeping 
changes  to  MIL-0-55310.  Modification  and 
addition  of  requirements  have  been  included 
that  should  be  effective  in  supporting  the 
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specification  and  acquisition  of  military 
crystal  oscillators  for  at  least  the  next 
decade.  Because  of  the  newness  of  some  per¬ 
formance  requirements  and  inspection  proce¬ 
dures,  some  fine-tuning  will  inevitably  be 
required  as  the  specification  natures.  Minor 
changes  will  be  incorporated  by  amendment  as 
the  need  arises. 

The  inclusion  of  a  class  S  quality  assur¬ 
ance  level  should  result  in  greater  utilisa¬ 
tion  of  MIL-0-55310  in  high  reliability  appli¬ 
cations  such  as  aerospace  systems.  These 
systems  should  benefit  fren  oscillators  manu¬ 
factured  with  consistent  criteria  and  uniform 
levels  of  quality  and  reliability. 

It  Is  hoped  that  the  updated  approaches, 
procedures,  amt  definitions  will  become  estab¬ 
lished  and  adopted  by  the  frequency  control 
community. 
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Abstract 

The  various  sources  of  noise  in  a  microwave  field-effect 
transistor  are  surveyed,  and  a  noise  equivalent  circuit  model  for 
the  device  is  developed.  Two  alternative  methods  for  the  cal¬ 
culation  of  the  oscillator  noise  spectra  arc  then  described,  and 
the  factors  influencing  the  FM  ttohd  are  identified.  These  fac¬ 
tors  serve  as  the  basis  for  clastifyifig  Utc  various  methods  of 
oscillstor  TM  noise  reduction. 


I.  Introduction 

Advance:  in  the  technology  of  submicron  device  fabrica¬ 
tion  have  made  available  a  number  of  new  active  electron  dev¬ 
ices  to  circuit  designers  in  the  last  few  yean,  including  the 
Submicron-gatc  G*As  ME5FET,  the  high  electron  mobility 
transistor  (HEMT,  or  MODFET,  or  TEGFF-T).  the  IIIIT 
fhcterojuiKlion  bipolar  transistor),  the  POT  (permeable  base 
transistor).  the  ballistic  transistor,  the  quantum-well  device,  and 
several  others  exploiting  the  properties  of  heterojunetions, 
superlatticcs,  and  snbmlcrca  dimensions.  Of  these,  the  two 
devices  of  the  field-effect  family,  the  submicron-gate  MESFET 
most  commonly  fabricated  in  GaAs,  and  the  h.igh  electron 
mobility  transistor  (11EMT)  most  commonly  fabricated  with 
AlGaAs/GaAs  hcterojunction.  arc  well  established  as  low  noise 
devices  in  linear  applications  at  mierowavc  and  millimeter 
wave  frequencies.  As  preamplifiers,  they  have  the  lowest  noise 
iigure  among  all  presently  known  three-terminal  active  devices, 
and  under  cryogenic  conditions,  their  noise  figure  closely 

approaches  that  of  masers.  In  addition,  these  devices  have  the 
advantages  of  wide  frequency  range  of  applicability,  high  DC- 
to-RF  conversion  efficiency,  high  input-output  isolation,  suita¬ 
bility  for  monolithic  integration,  versatility  of  circuit  applica¬ 
tions,  simple  DC  biasing  needs,  low  sensitivity  to  environmen¬ 
tal  parameters,  and  sufficient  power  output  for  many  applica¬ 
tions  without  post-amplification. 

Oscillators  designed  with  MESFETs  and  HEM'fs  have  not 
exhibited  such  outstanding  low-noise  performance  at  all  [!}. 
Tire  reason  for  this  disappointing  performance  is  well  known  ; 
These  devices  generate  high  levels  of  iow  frequency  noise,  and 
this  baseband  noise  modulates  (he  oscillator  output  due  to  dev¬ 
ice  nonlinearities,  producing  large  noise  sidebands  around  the 
carrier  frequency.  The  purpose  of  this  paper  is  to  review  our 
present  state  of  understanding  of  this  subject,  and  to  summarize 
the  available  information  on  the  physical  origin  of  the  low  fre¬ 
quency  nU,e,  the  influence  of  the  various  device  and  operating 


parameters  on  the  magnitude  of  this  noise,  the  mechanism 
whereby  this  noise  is  upconvcrtcd  to  the  neighborhood  of  the, 
carrier  frequency,  the  design  variables  that  govern  Use  magni¬ 
tude  of  FM  noise  spectra,  and  the  statc.of-the  arc  reached  in 
low  noise  oscillator  performance. 

Three  limitations  to  the  scope  of  the  following  discussions 
Should  be  pointed  out  in  advance  : 
o  Although  most  of  the  following  considerations  apply  to  all 
FET  oscillators,  the  discussions  tacitly  assume  that  the  oscilla¬ 
tors  arc  operated  at  a  microwave  frequency  and  employ  the 
currently  available  ststc-of-thc-art  devices  having  gate  lengths 
of  the  order  of  0.25  pm. 

(ii)  There  is  much  more  information  available  in  the  literature 
concerning  the  MESFGT  oscillators  than  concerning  1IEMT 
oscillators  which  are  of  more  recent  vintage.  As  a  result,  the 
subsequent  discussions  refer  only  to  MESFETs,  although  there 
is  no  reason  to  expect  any  different  behavior  from  HEMTs 
cxeept  fn  the  nuntcrical  values  of  some  parameters. 

(iii)  The  present  discussion  will  be  confined  to  the  FM  noise  of 
oscillators,  both  due  to  the  focus  of  this  symposium,  and  due  to 
the  fact  that  the  AM  noise  of  oscillators  employing  field-effect 
transistors  is  small  and  has  not  been  a  handicap  in  any 

significant  system  applications  of  these  oscillators.  The  FM 
noise  of  the  oscillator  can  be  expressed  either  as  the  ratio  of  the 
FM  sideband  noise  power,  in  a  unit  bandwidth  at  a  specified 
offset  frequency  fm  from  the  carrier  frequency,  to  the  carrier 
power,  or  as  the  rms  value  of  the  corresponding  frequency 
deviation. 

II.  Physical  Sources  of  Noise  in  MESFETs 

The  purpose  of  this  section  is  to  describe,  for  each  of  the 
various  sources  of  noise  in  a  field-effect  transistor,  the  physical 
mechanism  of  noise  generation,  the  region  of  the  device  in 
which  the  generation  of  noise  takes  place,  the  power  spectra! 
density  of  the  noise  current  component  contributed  by  the  noise 
source,  and  the  factors  influencing  the  magnitude  of  noise. 
Since  devices  with  a  variety  of  different  stnictures  have  been 
fabricated,  the  generic  version  of  the  MESFET  structure, 
schematically  shown  in  Fig.  1,  will  be  used  as  the  basis  for  the 
present  discussion.  The  foliowing  are  the  principal  sources  of 
noise  in  this  device  : 
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I;ig.  1.  Schematic  Representation  of  the  MESFET  Structure, 


/.  Diffusion  (or  Velocity  Fluctuution)  Noise 

Diffusion  noise  arises  in  (he  MESFET  due  10  (he  fact  that 
the  majority  carriers  drifting  in  the  channel  in  a  direction  paral- 
iel  to  the  electric  field  have  a  randomly  distributed  velocity 
component  in  the  longitudinal  direction  due  to  a  finite  carrier 
temperature.  The  source  of  this  noise  is  therefore  spatially  dis¬ 
tributed  throughout  the  conducting  part  of  the  channel,  and  its 
net  effect  at  the  device  terminals  must  be  found  by  adding  the 
contributions  from  all  parts  of  the  channel. 

The  highly  conducting  source  and  drain  contact  regions  of 
the  channel,  which  ate  outside  the  region  of  influence  of  the 
gate,  contribute  essentially  a  parasitic  resistance  to  the  channel; 
since  the  electric  field  in  these  regions  is  small  and  therefore 
the  carriers  are  in  near  thermal  equilibrium,  the  diffusion  noise 
in  this  part  of  the  channel  is  the  same  as  the  thermal  noise  in 
the  parasitic  resistances,  and  is  easily  calculated  by  Nyquist’s 
thermal  noise  formula.  By  contrast,  the  channel  region  under 
the  gate  is  a  region  where  the  electric  field  is  high,  the  carrier 
drift  velocity  is  saturated  over  some  part  of  the  region,  and  the 

carriers  are  far  from  equilibrium;  the  power  spectral  density  of 
the  total  drain  short-circuit  noise  current  at  the  device  terminals 
due  to  the  diffusion  noise  arising  in  this  active  region  alone  can 
be  written  in  a  form  which  mimics  the  thermal  noise  formula  : 

S,(0  ■  4  k  T  gB  P  (1) 

The  similarity  of  this  expression  to  Nyquist  formula  for  thermal 
noise  is  a  little  contrived;  in  this  expression,  gm  is  the  transcon- 
ductancc  of  the  device,  rather  than  the  conductance  of  a  dissi¬ 
pative  two-teiminal  element,  and  T  is  the  lattice  temperature  in 
the  channel  region  rather  than  the  temperature  of  the  carriers 
having  the  velocity  fluctusuions  among  them.  Finally,  P  is  a 
correction  factor  that  must  be  introduced  in  order  to  make  this 
expression  valid;  i.e.,  Eqn.  (1)  is  only  the  definition  of  P,  and  is 
not  a  "result".  What  make  Eqn.  (1)  useful  arc  the  results  or 
actual  diffusion  noise  calculations  in  MESFET  channels  from 
first  principles,  which  show  that  the  correction  factor  P  is  of  the 
order  of  unity,  and  is  only  a  slowly  varying  function  of  the  DC 
bias  of  the  MESFET. 

The  noise  power  spectrum  in  Eqn.  (1)  is  frequency- 
independent;  this  is  an  approximation  which  is  valid  for  all  fre¬ 
quencies  small  compared  to  the  inverse  of  the  correlation  time 
of  the  carrier  velocity  fluctuations.  Therefore,  diffusion  noise 


may  be  treated  as  white  noise  for  all  frequencies  upto  about 
1 0**  Ik,  above  which  the  noise  power  spectrum  must  roll-off. 
This  roll-off  is  theoretically  essential,  but  has  not  been  experi¬ 
mentally  explored. 

The  most  important  parameter  influencing  the  magnitude 
of  diffusion  noise  is  obviously  the  electric  field  profile  in  the 
channel  region,  since  the  electric  field  determines  the  extent  of 
carrier  heating.  The  diffusion  noise  is  therefore  determined  by 
DC  bias,  channel  dimensions,  doping,  and  the  rate  of  carrier 
scattering  (since  scattering  allows  the  carriers  to  loose  energy 
by  interaction  with  the  lattice,  and  thus  cools  them  down). 


2.  Avalanche  Noise 

When  the  electric  field  produced  in  the  channel  is  high, 
the  impact  ionization  due  to  field-accelerated  carriers  drifting  in 
the  channel  causes  the  generation  of  secondary  carriers.  This 


avalanche  generation  process,  being  random,  is  accompanied  by 
a  form  of  shot  noise  called  avalanche  noise.  The  avalanche- 
generated  majority  carriers  drift  along  the  channel,  and  contri¬ 
bute  an  additional  component  to  the  drain  current.  The  minor¬ 
ity  carriers  on  the  other  hand  can  either  be  collected  by  the  gate 
terminal,  leading  to  an  increase  in  the  gate  current,  or  can  drift 
along  the  channel,  so  that  the  avalanching  is  caused  by  carriers 
of  both  species.  The  region  of  the  device  where  this  avalanch¬ 
ing  is  most  likely  to  occur  is  one  where  the  electric  field  is  the 
highest;  'x  depletion-mode  devices  in  which  tire  gate  voltage  if 
negative,  the  drain  end  of  the  channel  region  is  therefore  the 
principal  source  of  avalanche  noise. 

The  magnitude  and  the  spectrum  of  the  output  noise 
current  due  to  avalanching  will  depend  on  whether  avalanching 
is  caused  by  one  or  both  species  of  carriers.  For  the  special 
ease  when  both  species  ionize,  the  current  multiplication  factor 
M  is  not  small,  steady-state  ionization  occurs,  and  the  ioniza¬ 
tion  rate  is  spatially  uniform,  the  noise  power  spectrum  of 
short-circuit  drain  noise  current  contributed  by  avalanching  can 
be  written  as  : 


2  q  Ip  M» 

1  +  (toMt,  /  2)' 


(2) 


where  Ip  is  the  primary  current  causing  avalanching,  and  T,  is 
the  avalanche  response  time.  Other  expressions  must  be  used  in 
situations  where  any  of  the  several  restrictive  conditions  for  the 
validity  of  Eqn.  (2)  do  not  hold. 

The  power  spectrum  of  avalanche-generated  noise  is  white 
for  frequencies  small  compared  to  the  inverse  of  the 
avalanche-response  lime.  For  typical  device  dimensions,  this 
spec  rum  is  therefore  white  over  the  microwave  frequency 
range. 

Clearly,  the  factor  having  the  largest  influence  on  the  mag¬ 
nitude  of  the  avalanche  noise  is  the  electric  field  reached  in  the 
channel,  and  this,  in  turn,  is  influenced  by  parameters  like  DC 
bias,  channel  length,  and  doping  density. 


3.  Shot  Noise 

Shot  noise  accompanies  any  current  composed  of  earners 
crossing  a  potential  barrier.  As  the  current  flow  in  the  channel 
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in  due  to  conduction,  there  it  no  shot  noise  associated  with 
drain  cunent.  But  the  gate  current  consists  of  carriers  crossing 
the  Schotlky-bamer  between  the  gate  and  the  channel;  therefore 
the  gate  cunent  can  be  expected  to  be  accompanied  with  full 
shot  noise. 

The  power  spectrum  of  the  gate  noise  cunent  can  be  writ¬ 
ten  with  the  help  of  Schottky's  formula  as : 

S,(0-2qlo  (3) 

where  q  is  the  magnitude  of  the  charge  of  an  electron,  and  Iq  is 
the  gate  cunent.  It  is  apparent  from  Schottky's  formula  that 
the  noise  power  spectrum  is  independent  of  frequency,  a  conse¬ 
quence  of  the  assumption  that  the  transit-time  of  the  carrier 
through  the  barrier  is  negligible.  The  shot  noise  can  therefore 
be  taken  as  white  noise  for  fluencies  small  compared  to  the 
inverse  of  this  transit  time,  and  therefore  for  all  frequencies 
upto  the  millimeter  wave  range. 

It  also  appearent  from  Schottky's  formula  that  the  only 
parameter  determining  the  magnitude  of  shot  noise  is  the  gate 
current;  therefore  the  shot  noise  will  be  influenced  by  such  fac¬ 
tors  as  the  temperature  and  the  doping  density  in  the  MESFET 
active  layer.  For  well-designed  MESFETs,  and  under  most  rea¬ 
sonable  operating  conditions,  the  gate  current  is  small,  so  that 
the  gate  shot  noise  is  very  small  and  can  be  ignored  in  many 
applications.  However,  there  arc  applications,  such  as  transim- 
pcdancc  amplifiers  following  optical  receivers,  in  which  the 
shot  noise  in  the  gate  current  is  a  significant  contributor  to  the 
device  noise  performance. 


4.  Ilf  Noise. 

Although  there  is  considerable  debate  concernin'’,  the  phy¬ 
sical  origin  of  1/f  noise,  it  is  generally  believed  that  this  noise 
arises  from  resistance  fluctuations,  which  are  in  turn  caused 
either  by  the  fluctuations  in  the  number  of  carriers  or  by  the 
fluctuations  in  mobility.  Experimental  studies  to  determine  the 
region  of  origin  of  this  noise  within  the  device  are  not  entirely 
unanimous,  but  1/f  noise  is  believed  to  originate  primarily  at 
the  channel-substrate  interface,  the  semiconductor  surfaces,  the 
contacts,  and  in  the  active  layer  itself. 


The  power  spectrum  of  the  drain  noise  current  component 
due  to  1/f  noise  can  be  expressed  by  the  empirical  formula  : 


S,(  0  = 


<3  «n 

N  1* 


(4) 


where  an  is  an  empirical  parameter,  called  Hoogc's  parameter, 
N  is  the  number  of  carriers  participating  in  the  flow  of  the 
drain  curcnt  Iu,  and  therefore  depends  both  on  the  carrier  den¬ 
sity  and  the  volume  of  the  active  region  of  the  device  under  the. 
gate,  and  the  exponent  a  is  also  an  empirical  constant,  approxi¬ 
mately  equal  to  1. 

The  factors  most  influcncial  in  determining  the  magnitude 
of  1/f  noise  are  the  quality  of  the  buffer  layer  between  the  sub¬ 
strate  and  the  active  layer,  the  surface  treatment  or  passivation, 
and  the  density  of  defects  in  the  active  region.  In  addition, 
empirical  studies  have  shown  that  many  other  factors  such  as 
the  gate  leakage  current  and  the  external  circuit  impedance  may 
also  influence  the  magnitude  of  1/f  noise,  but  these  results  can¬ 


not  be  viewed  as  definitive  because  there  are  also  reports  of 
other  device*  where  such  effect*  are  not  observed. 

5.  Generation-Recombination  (g-r)  Noise. 

Generation-recombination  noise  arise*  in  MESFET*  due  to 
the  trapping  and  release  of  carrier*  by  the  generation- 
recombination  centers  (so  called  trap*)  which  cause*  random 
fluctuation*  in  the  free  carrier  density,  and  thus  contribute*  a 
noise  component  to  the  current.  Since  the  traps  are  most 
effective  in  carrier  trapping  and  release  when  the  Fermi  level  is 
close  to  the  trap  energy  level,  those  regions  of  the  device  where 
Fermi  level  is  varying  are  most  likely  to  contribute  to  g-r  noise. 
As  a  result,  the  g-r  noise  arise*  primarily  in  the  space-charge 
regions  in  the  device,  including  those  (i)  at  the  interface  or  the 
channel  and  the  substrate  layer,  (ii)  under  the  gate  in  the  deple¬ 
tion  region,  and  (iii)  at  the  semiconductor  surfaces. 

The  power  spectrum  of  the  noise  current  contribution  due 
to  each  type  of  the  traps  can  be  written  a* : 


S,( 


C 

1  +  or  t,J 


(5) 


where  Tj  it  the  lifetime  of  the  carriers  in  the  trap.  The  constant 
C  it  directly  proportional  to  the  trap  density  ,  and  also  depends 
on  the  trap  energy  level,  and  the  applied  voltages  which 
influence  the  Fermi  level.  The  power  spectrum  i*  therefore  of 
the  form  of  the  frequency  response  of  a  single-pole  low-pass 
filter,  often  called  the  “Lorcntrian"  spectrum.  It  is  therefore 
white  at  frequencies  small  compared  to  l/t|,  and  decreases  with 
frequency  at  higher  frequencies  at  the  rale  of  20  dB/dccadc. 

Typically,  several  types  of  traps  will  be  present  simultane¬ 
ously,  and  therefore  the  total  g-r  noise  spectrum  will  be  a 
superposition  of  several  spectra  of  the  form  of  Eqn.  (5),  each 
having  its  own  magnitude  and  comer  frequency.  It  is  apparent 
that  the  total  g-r  noise  spectrum  will  not  have  the  simple  fre¬ 
quency  dependence  expressed  in  Eqn.  (5).  Indeed,  if  the  trap 
lifetimes  are  distributed  over  a  wide  range  of  values,  extensive 
and  careful  measurements  are  required  to  separate  g-r  noise 
from  I/f  noise,  and  to  distinguish  the  contribution  of  individual 
types  of  traps. 


III.  Noise  Model  of  the  Device 

The  individual  components  of  the  power  spectral  densit  \ 
of  the  drain  noise  current  due  to  the  above  mentioned  noise 
sources  are  shown  together  in  Fig.  2.  The  figure  is  only  illus¬ 
trative,  since  the  relative  magnitudes  and  the  comer  frequencies 
of  the  various  noise  sources  will  be  different  in  different  types 
of  devices,  and  for  a  given  device,  with  vary  with  DC  bias. 
Shot  noise  is  not  included  in  this  figure,  since  it  is  small  com¬ 
pared  to  the  the  noise  contributions  shown. 
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NOISE  POWER  SPECTRUM  OF  SHORT. 
CIRCUIT  OUTPUT  CURRENT 
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Fig.  2.  Power  Spectral  Density  of  the  Various  Components  of 
the  Drain  Noise  Current. 


Two  conclusions  can  be  drawn  from  this  figure.  First,  tlte 
most  significant  noise  sources  at  low  frequencies  (l/f  noise  and 
g-r  noise)  are  different  from  those  at  high  frequencies  (diffusion 
and  avalanche  noise).  Second,  the  noise  produced  in  the  device 
can  be  significantly  larger  nt  low  freqeuncies,  typically  below  1 
Mil*,  than  that  at  higher  frequencies.  In  nonlinear  applications 
of  the  device,  such  as  in  oscillators,  the  low  frequency  noise 
can  modulate  signals  and  generate  noise  at  higher  frequencies, 
thereby  deteriorating  the  noise  performance.  These  two 

observations  explain  why  the  MESFET*  are  a  low-noise  device 
in  linear  amplifier  applications,  and  yet  have  a  poor  noise  per* 
formance  in  oscillator  circuits. 

In  linear  circuit  applications,  a  MESFET  can  be 
represented  by  a  linear  (small-signal)  circuit  model  at  the 
desired  DC  bias  conditions,  and  a  noisy  linear  two  port  can 
always  be  represented  by  a  noiseless  version  of  the  same 
twoport  along  with  two  noise  sources,  which  are  partially  cone, 
lated  in  general.  This  is  the  so  called  Rothe-Dahlke  representa¬ 
tion  of  linear  noisy  twoports.  For  nonlinear  circuits,  there  arc 
no  such  rigorous  equivalent-circuit  representations  of 
guaranteed  validity,  and  a  noise  model  must  be  found  by  induc¬ 
tive  methods. 

Since  quasi-lincar  models  of  MESFETs  have  had  some 
success  in  describing  the  oj  ation  of  MESFET  oscillators,  one 
possible  model  to  consider  is  a  Rothe-Dahlkc  type  model. 
Such  a  model  is  shown  in  Fig.  3  (a),  in  which  the  MESFET  is 
represented  by  a  very  simple  signal  model,  consisting  of  just 
four  noiseless  circuit  elements  :  the  total  input  resistance  RT, 
the  gatc-to-source  capacitance  C^,,  the  output  resistance  R0,  and 
the  voltage-controlled  current  source  gm  v,  controlled  by  the 
voltage  v  across  c«..  where  gra  is  the  transconductance  of  the 
MESFET.  To  this  are  added  the  two  noise  sources  en  and  i0  at 
the  input  and  the  output  respectively,  which  will  be  partially 
correlated  in  general. 

When  the  equivalent  circuit  elements  arc  nonlinear,  the 
foregoing  simplified  noise  equivalent-circuit  model  is  still  too 
complex,  due  to  the  presence  of  two  separate  noise  sources. 
All  MESFET  oscillator  noise  analyses  to  date  have  therefore 
introduced  further  simplification  in  the  noise  model  by 


transforming  all  noise  sources  inherent  in  the  device  to  only 
one  of  the  two  noise  sources  e„  and  i„,  and  setting  the  other 
source  to  *cro.  The  circuit  models  of  Fig.  3  (b)  and  (e)  show 
these  twv  possibilities.  The  first  of  these  models,  in  Fig.  3(b). 
is  useful  in  characterisation  of  the  baseband  noise  generation  in 
the  device  by  experimental  measurements,  and  allows  the  dev¬ 
ice  noise  measurements  to  be  carried  out  at  the  output  (drain- 
source)  port  of  the  device  in  the  form  of  output  current  fluctua¬ 
tions.  The  second  model,  in  Fig.  3  (c)  is  more  convenient.^ 

calculating  the  oscillator  noise  spectra,  as  will  be  seen  shortly. 


DEVICE  NOISE  MODEL 


Fig.  3.  Noise  Equivalent  Circuit  Models  for  a  MESFET. 

The  power  spectral  density  of  the  noise  source  en  can  be 
measured  in  the  laboratory  as  follows.  With  the  device  DC 
biased  at  the  desired  operating  point,  the  input  (gate-to-source) 
port  is  short-circuited  at  the  frequency  of  measurement,  and  the 
output  noise  power  is  measured  by  a  narrow-band  low-noise 
receiver.  The  power  spectral  density  S,(0  of  the  output 
current  source  is  thus  found.  This  can  be  tran.T-'med  iO  the 
input  port  as  a  voltage  through  the  interveni-',;  -ir-.u  <  model  C 
the  device,  treated  as  a  linear  circuit.  At  low  frequencies,  where 
coCjjRt  «  1,  the  transformation  involves  only  the  device 
transconductance,  so  that  the  spcctr?.l  density  of  the  noise  vol¬ 
tage  source  en  is  given  by  : 

Sc(0  =  S,(0 1  & 
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IV.  Note  Modd  of  (Ik  Oscillate 
Many  different  kinds  of  oscillator  circuits,  based  on 
different  device  configurations,  feedback  arrangements,  resona¬ 
tor  connections,  and  load  coupling,  have  been  designed.  All 
such  oscillators  employing  only  one  MESFET  device  as  the 
active  device  can  be  represented  by  the  circuit  model  of  Fig.  4 
(a).  The  noise  spectrum  of  such  a  noisy  oscillator  can  be 
analysed  in  one  of  two  different  ways : 


Fig.  4.  Circuit  Representations  of  a  Noisy  FET  Oscillator. 

I.  As  an  active  one-port  ( negative-resistance )  device  oscillator 

As  seen  from  the  load  port  and  looking  back  towards  the 
oscillator,  the  MESFET  along  with  its  feedback  circuit  must 
appear  as  an  active  one-port  device.  More  generally,  since  a 
field-effect  transistor  is  a  two-port  active  device,  the  oscillator 
circuits  must  use  feedback  to  induce  oscillations,  so  that  one 
port  of  the  device  is  used  for  introducing  feedback,  and  the 
other  port  serves  to  deliver  the  output  oscillations  to  the 
remainder  of  the  circuit  and  load.  Therefore,  the  transistor 
together  with  its  feedback  is  reduced  to  a  one-port  active  net¬ 
work,  which  contains  all  of  the  nonlinearity  in  the  oscillator 
circuit,  while  the  remainder  of  the  circuit  is  reduced  to  a  linear, 
p:,csivc  one-port  "load".  The  active  oneport  including  the  dev¬ 
ice  can  be  represented  as  a  frequency  and  signal-amplitude 

dependent  large-signal  impedance  Z((o,VRF)  having  a  negative 
real  part,  which  is  connected  across  the  load  (including  any 
other  linear  circuit  elements),  having  a  frequency  dependent  cir¬ 
cuit  impedance  Z^to). 

The  calculation  of  the  noise  spectra  of  such  negative- 
resistance  oscillators  has  been  well-established  for  a  long  time, 
and  has  been  summarized  by  Kurokawa  {2],  In  order  to  use 
the  results  of  Kurokawa,  it  is  only  necessary  to  transform  the 
noise  source  e„  present  in  the  device  to  the  terminals  of  the 


impedance  Z(co,VRF),  To  a  first  approximation,  the  MESITiT 
may  be  treated  as  a  linear  circuit  in  carrying  out  this  transfor¬ 
mation,  and  the  power  spectrum  of  the  new  noise  source  c,  is 
thus  determined.  For  the  low  frequency  noise  sources  of 
interest  here,  it  may  be  possible  to  simplify  the  transformation 
considerably.  The  oscillator  noise  spectra  arc  thus  found  in 
terms  of  the  impedance  of  the  one-port  device  and  circuit,  their 
sensitivities  to  frequency  and  signal  amplitude,  and  the  power 
spectrum  of  the  noise  source  connected  between  Z  and  Z*. 

The  one-port  model  can  be  used  to  represent  many 
different  type*  of  oscillator  circuits,  merely  by  a  suitable  choice 
of  a  reference  plane  dividing  the  oscillator  circuit  into  two  parts 
:  an  active  device  and  a  load.  For  example,  Joshi  and  Debncy 
[3)  designed  a  common-source  FET  oscillator,  and  used  the 
drain-ground  port  as  the  dividing  plane,  while  Scchi  and 
Drown  [4)  designed  a  common-drain  FET  oscillator  and  used 
the  gate-drain  port  as  the  dividing  plane.  If  the  port  used  as 
dividing  plane  is  externally  accessible,  so  that  the  "device"  and 
“load"  impedances  can  be  experimentally  measured  at  this  port 
looking  on  the  two  sides,  an  optimization  of  the  oscillator 
design  can  be  carried  out  for  minimization  of  noise  spectra. 
Sechi  and  Brown  (4)  show  Use  results  of  such  measurements. 

2.  As  a  feedback  oscillator  using  a  twoport  active  device. 

Alternatively,  the  oscillator  may  be  represented  as  in  Fig. 
4  (b),  wherein  the  oscillator  continues  to  be  treated  as  a  feed¬ 
back  circuit  around  a  twoport  active  device,  which  is  perturbed 
by  the  presence  of  the  noise  source  c„.  It  is  clear  that  if  the 
MESFET  model  was  strictly  linear,  the  frequency  at  which  the 
condition  of  oscillations  is  satisfied  in  this  osci.“!tlor  circuit 

would  not  be  influenced  by  the  presence  of  the  r.  -isc  voluge 
e„.  The  nonlinearity  of  the  MESFET  allows  the  noise  voluge 
c„  to  influence  the  oscillation  frequency  f0  and  thereby  produce 
FM  noise  sidebands. 

Perhaps  the  simplest  method  of  accounting  for  the  non¬ 
linearity  of  the  device  is  to  allow  some  of  the  elements  in  the 
equivalent  circuit  of  the  device  to  be  nonlinear.  The  principal 
nonlinear  elements  in  the  MESFET  are  the  three  elements  Cgi, 
gm,  and  Re,  and  each  of  these  is  influenced  by  e„  in  general. 
The  oscillator  noise  spectra  can  therefore  be  calculated  in  terms 
of  the  oscillator  circuit  elements,  the  nonlinearity  of  the  above 
three  elements,  and  the  power  spectrum  of  the  nn‘sc  source  e„ 
in  the  circuit.  Such  an  analysis  is  presented  by  siw-iris  and 
Schick  (5). 

For  the  present  purposes,  the  FM  noise  spectrum  of  the 
oscillator  will  be  expressed  in  less  detail,  in  terms  of  some 
composite  parameters,  rather  than  in  terms  of  the  individual  cir¬ 
cuit  elements  of  a  particular  implementation  of  the  oscillator 
circuit.  One  of  the  conclusions  from  the  detailed  analysis  of 
Siweris  and  Scheik  [5]  is  that,  of  the  three  equivalent  circuit 
elements,  only  Cgl  influences  f„  to  a  first  order.  Therefore,  the 
calculation  of  FM  noise  spectra  is  reduced  to  the  determination 
of  the  sensitivity  of  f0  to  en  via  Cgs.  In  the  following,  this 
observation  allows  the  identification  of  the  factors  that  influence 
the  FM  noise  spectrum. 
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V.  Factor*  Infcretscing  tbe  FM  Noise  Spectrum 

The  small  change  in  the  frequency  of  oscillations  due  to 
the  noitc  voltage  e,  cm  be  expressed  u  follow*  : 


Af  ■ 


(7) 


Therefore  the  I'M  noise  *pcctnim,  expressed  in  rm*  frequency 
deviation  at  an  offset  frequency  fm  away  from  the  earner  fre¬ 
quency  f„,  can  be  written  ax  : 


The  frequency  sensitivity  to  noise  voltage  can,  in  turn,  be 


expressed  in  terms  of  the  factors  that  influence  it : 
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Since  the  gate-to-source  capacitance  Cp  is  the  capacitance  of  a 
Schottky-bamci-  metal-semiconductor  junction,  its  dependence 
on  the  gate-to-source  voltage  it  known  from  the  following 
equation  applicable  to  abrupt  junctions : 
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Therefore,  Eqn.  (9)  can  be  written  as 
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The  set  of  equations  (8)  and  (1 1)  places  into  evidence  all  of  the 
factors  that  influence  the  FM  noise  spectrum  of  a  MESFET 
oscillator.  Furthermore,  all  of  the  methods  of  FM  noise  reduc¬ 
tion  that  have  been  proposed  can  now  be  placed  in  perspective. 

There  are  four  groups  of  parameters  that  are  instrumental 
in  determining  the  FM  noise  of  the  MESFET  oscillator : 

(1)  The  power  spectrum  St(fm)  of  the  baseband  noise  generated 
in  the  device,  and  referred  to  the  gate  voltage,  at  the  offset  fre¬ 
quency  fB.  One  obvious  method  of  FM  noise  reduction  is 
therefore  to  employ  a  MESFET  with  a  lower  level  of  1/f  noise 
or  g-r  noise,  whichever  is  dominant  at  the  frequency  equal  to 
the  offset  frequency  of  interest. 

(2)  The  sensitivity  of  the  oscillation  frequency  to  the  MESFET 
gate-to  source  capacitance,  (3^30,, |.  This  is  dependent  on 
the  frequency-determining  RF  circuit  of  the  oscillator.  Thus 
the  choice  of  the  FET  configuration,  feedback  circuit,  and  reso¬ 
nator  coupling  should  be  made  to  minimize  this  sensitivity  in 
order  to  reduce  FM  noise. 

(3)  The  nonlinearity  of  the  device  input  capacitance, 
represented  by  |3C|t/3vp|.  This  is  an  intrinsic  property  of  the 
gate  junction,  and  its  intrinsic  value  is  determined  by  the  nature 
of  the  doping  profile.  Its  effective  value  can  be  reduced  by 
diluting  the  cfTect  of  C{,  (item  2  above),  or  diluting  the  effect 
of  vt,  (item  4  below),  by  introducing  other  reactive  and 
voltage-dividing  circuit  elements  respectively. 


(4)  The  sensitivity  |3v(l/3ea|.  This  can  be  influenced  by  the 
low-frequency  impedances  in  the  DC  gate  bias  circuit. 

The  optimization  of  the  FM  noise  spectrum  of  the  oscilla¬ 


tor  can  be  carried  out  experimentally  if  each  of  the  above 
parameters  can  be  measured,  and  if  the  effect  of  the  design 
variables  on  the  values  of  these  parameters  can  be  estimated.  It 
is  also  possible  to  measure  the  two  parameter*  appearing  in 
Eqn.  (I)  directly.  The  baseband  noise  generated  in  the  device 
at  low  frquenck*  can  be  measured  by  a  low-noise  amplifier  and 
a  wave  analyzer.  The  oscillator  frequency  sensitivity  to  gate 
noire  voltage  can  be  measured  by  introducing  a  signal  at  the 
gate  and  measuring  the  change  in  oscillator  frequency  ((). 
Thus  the  device  and  the  circuit  can  each  be  selected  for 
minimum  FM  noire. 


VI.  Device  Selection 

The  device  specifications  in  the  manufacturer's  data  sheet 
for  a  MESFET  or  HEMT  typically  include  small-signal  S- 
parameters,  broadband  linear  equivalent  circuit  parameters,  DC 
characteristics,  and  some  large-signal  parameters,  such  as  1  dB 
gain  compression  point.  The  various  procedures  found  in  the 
literature  for  designing  oscillators  with  there  devices  are  there¬ 
fore  aby  based  on  these  and  other  parameters  in  terms  of  which 
tiki  device  i»  characterized.  By  contrast,  the  device  noire 
specifications  supplicu  in  the  data  sheet:,  usually  consist  of  the 
minimum  noire  figure  of  tite  device  as  a  linear  amplifier  at 
some  microwave  frequencies.  This  information  is  of  no  use  to 
the  circuit  designer  wishing  to  design  a  low-noire  oscillator; 
given  two  devices,  the  one  with  the  lower  noire  figure  may 
well  lead  to  an  oscillator  with  a  higher  noire  spectrum  dose  to 
the  carrier  frequency.  The  analysis  carried  out  above  has 
identified  a  *mall  set  of  parameters  which  can  be  conveniently 
measured  for  a  given  device,  serve  as  a  specification  of  the 
device  noire  capability  in  oscillator  applications,  are  useful  for 
comparing  two  devices  in  respect  of  their  noire  performance  as 
oscillator,  can  be  used  to  estimate  the  magnitude  of  the 
expected  oscillxtor  r.oire,  and  thus  assist  in  optimizing  the 
oscillator  design  for  low  noise  performance. 

A  number  of  circuit  techniques  [7-1 1]  have  been  proposed 
in  the  literature  in  recent  years  for  lowering  the  noire  in  FET 
oscillators.  Each  of  these  techniques,  when  viewed  in  isolation, 
appeirs  as  an  independent,  clever  idea.  A  general  analysis  of 
the  FM  noise  in  MESFET  oscillators,  given  above  in  a  form 
which  is  independent  of  the  specific  circuit  implemcntatuir,  has 
the  further  advantage  that  it  provides  a  systematic  classification 
of  the  various  circuit  techniques  of  oscillator  noise  reduction 
based  on  the  variable  through  which  the  reduction  is  achieved, 
so  as  to  put  the  various  methods  in  proper  perspective  and 
understand  the  relationship  between  them,  and  to  estimate  the 
level  of  noise  reduction  achievable  by  each  technique. 
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Oscillators  represent  tha  basic  microwave  onergy 
sourca  for  all  mlcrouava  system*  such  as  radars, 
communications,  navigation  or  alactronlc  varfara. 

A  typical  microwave  oscillator  consists  of  an 
actlva  davlca  (a  dloda  or  a  transistor)  and  a  pas¬ 
sive  frequency-determining  resonant  clamant.  With 
the  rapid  advancement  of  technology,  there  has  been 
an  Increasing  need  far  better  performance.  The 
emphasis  has  been  on  low  noise,  small  site,  low 
cost,  high  efficiency,  high  temperature  stability 
and  reliability.  Dielectric  resonator  oscillators 
offer  the  system  designer  a  viable  alternative  in 
an  effort  to  meet  '•hese  challenges*.  This  paper 
will  Introduce  the  fundamentals  of  the  transistor 
dielectric  resonator  oscillators,  discuss  various 
oscillator  configurations,  their  performance, 
special  circuits,  limitations  and  future  trends. 

The  quarts  crystal  oscillator  is  a  highly  stable 
source,  however  Its  operation  is  limited  to  less 
than  100  HHt.  Stable  microwava  sources  have  com¬ 
monly  been  realised  using  frequency  multiplication 
of  a  the  output  of  a  quarts  crystal  oscillator. 
This  method  Increases  tha  PM  noise  power  hy  N, 
where  N  Is  the  multiplication  factor,  and  has  very 
low  efficiency  in  addition  to  being  very  complex 
and  expensive.  Stable  signals  have  also  been 
generated  in  the  past  using  metallic  high  Q  cavi¬ 
ties  in  passive  cavity  stabilisation  systems  or  In 
complex  and  bulky  frequency  discriminator  systems. 

The  origin  of  solid  state  microwave  oscillators 
using  Cunn  and  Iaq>att  diodes  dates  back  to  th*  late 
1960s,  before  which  microwava  frequency  generation 
depended  upon  klystron  or  magnetron  tubes  requiring 
massive  power  supplies.  In  less  than  two  decades, 
solid  state  oscillators  have  evolved  significantly. 
The  extension  of  the  bipolar  transistor  oscillator 
to  microwave  frequencies  and  the  development  of 
CaAs  MESFET  devices  In  the  early  1970s  has  made 
available  highly  cost-effective,  miniature, 
reliable  and  low-noise  sources  for  use  in  the 
microwave  and  millimeter  frequency  ranges. 

The  basic  active  elements  which  can  be  used  for 
microwave  solid  state  oscillators  are  Gunn  diodes, 
Impatt  diodes  and  transistors.  While  Gunn  oscil¬ 
lators  have  the  advantage  of  low  FM  noise  compared 
to  Impatt  oscillators,  tha  latter  has  a  higher 
efficiency  and  Is  a  higher  power  device  compared  to 
the  Gunn.  Transistor  oscillators  on  the  other  hand 
are  low  noise  -is  well  as  high  efficiency  sources. 
Compared  to  Gunn  oscillators,  the  transistor 
oscillators  do  not  have  the  problems  of  threshold 
current,  the  necessity  for  heat  sinking  and  the 
tendency  to  lock  at  spurious  frequencies. 

Gunn  and  Impatt  diodes  are  negative-resistance 
devices,  requiring  only  the  application  of  a  D.C. 
bias.  Using  them,  the  design  of  the  oscillator  is 
limited  to  the  design  of  the  output  matching 
circuit  in  order  to  deliver  the  desired  power 
output.  Application  of  D.C.  bias  to  the  bipolar  or 
the  field-effect  transistor,  on  the  other  hand,  is 
not  a  sufficient  condition  for  oscillation. 
Suitable  series/parallel  feedback  is  required  to 
induce  the  negative  resistance.  The  frequency 
range  over  which  the  negative  resistance  is  present 


In  tha  dlodas  la  datarminad  by  tha  physical 
mechanisms  In  tha  device,  while  In  tha  caaa  of 
translators  this  frequency  range  Is  also  Influenced 
by  the  chosen  circuit  topology.  The  only 
disadvantage  to  the  transistor  at  present  Is  a 
limit  on  the  maximum  oscillation  frequency.  While 
a  Gunn  or  Impatt  oscillator  Is  capable  of 
delivering  100  aW  up  to  100  CHs,  the  transistor 
oscillators  are  presently  limited  to  approximately 
10  eJW  at  40  CHs. 

Transistor  oscillators  can  be  realised  using  either 
bipolar  or  CaAs  FET  devices.  The  maximum  oscilla¬ 
tion  frequency  for  bipolar  transistor  oscillators 
Is  lower  than  that  of  CaAs  FET  oscillators.  CaAs 
FET  oscillators  have  been  reported  up  to  100  CHs 
while  oscillators  using  bipolar  transistors  have 
reached  20  CHs.  However,  the  bipolar  transistor 
offers  lower  phase  noise:  typically  a  bipolar 
oscillator  has  6  to  10  dB  less  FN  noise,  (very 
close  to  the  carrier)  compared  to  a  CaAs  FET 
oscillator  operating  at  the  same  frequency. 

Dielectric  resonators,  due  to  their  high  Q,  small 
sise  and  excellent  Integrabillty  In  HIC  circuits, 
can  be  directly  used  as  the  frequency  determining 
element  for  realising  a  HIC  transistor  oscillator. 
With  the  recent  advent  of  temperature  stable 
dielectric  material,  the  transistor  DRO  Is  fast- 
becoming  the  most  desirable  choice  in  a  vast  number 
of  applications. 

The  primary  characteristics  of  the  ceramic  material 
to  be  used  for  dielectric  reronators  are: 

0  The  Q  factor,  which  Is  approximately  equal 
to  the  Inverse  of  the  loss  tangent. 

0  The  temperature  coefficient  of  the  resonant 
frequency,  Tf,  which  Includes  the  combined 
effects  of  the  temperature  coefficient  of 
the  dielectric  constant  and  the  thermal 
expansion  of  the  dielectric  resonator  and 
the  shielding  package. 

0  The  dielectric  constant,  cc. 

The  Q,  tf  and  cr  values  required  for  various 
applications  differ  and,  in  general,  satisfactory 
oscillator  operation  under  most  conditions  can  be 
achieved  by  choosing  an  appropriate  material 
composition.  Until  several  years  ago,  the  lack  of 
suitable  materials  (i.e.,  possessing  acceptable 
combinations  of  Q,  Tf  and  cr)  severely  limited 
dielectric  resonator  applications.  Materials  such 
as  TIO2  (rutile  phase),  which  has  an  unloaded  Q  of 
about_10000  at  4  GHr,  and  cr  of  100  were  most  often 
used.  However,  TIO2  has  a  Tf  value  of  400  ppm/°C 
which  makes  it  impractical  for  most  applications. 

The  development  of  temperature-stable  dielectric 
resonators  dates  back  less  than  a  decade.  A  number 
of  material  compositions  have  been  explored  in 
attempts  to  develop  suitable  dielectric  materials, 
including  ceramic  mixtures  containing  TIO2,  various 
Titanates  and  Zirconates,  glass,  reramlc  systems 
and  alumina-based  ceramics.  At  present,  several 
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ceramic  compositions  have  been  developed  offering 
excellent  dielectric  proportion.  Complex 
perousklte  compounds  with  the  general  formula  A 
(B'j/j  B'Vj)  Oj  (whom  A  ■  Bo,  Sr;  B'«  Zn,  Hg,  Co, 
Hi  1  I"  ■  To,  Nb)  hovo  proved  to  possess  occoptoblo 
proportioo  for  dioloctrle  rooonotor*.  These 
compounds  hovo  dioloctric  conotonti  between  30  ond 
AO,  o  high  quality  footer,  soma  grootor  thon  10000 
0  iOCHs,  ond  o  temperature  coefficient  which  1* 
vorioblo  through  modification  of  tho  composition. 
Toblo  1  comperes  tho  Important  proportioo  of 
different  materials  developed  coernwrclally. 


tho  dual  of  a  metallic  cavity.  The  radiation 
losses  of  the  dielectric  resonators  with  tho 
commonly  used  permittivities,  however,  are 
generally  much  greater  than  tho  energy  losses  in 
the  metallic  cavities,  which  makes  proper  shielding 
of  tho  dielectric  resonator  a  necessity.  Tho 
dimensions  of  a  dielectric  resonator  are  also 
considerably  smaller  than  those  of  an  empty 
metallic  cavity  resonant  at  the  same  frequency  by  a 
factor  of  approximately  l/cr.  If  c.  is  high,  the 
electric  and  magnetic  fields  are  confined  in  region 
near  the  resonator,  which  results  In  small 


table  i 

PIELECfRIC  RESONATOR  MATERIALS 


composition 

DIELECTRIC 

CONSTANT  0 

®*2  Tl9  °30 

A0 

10,000  0  A  CMx 

(Zr  -  sn)  Tl  0* 

3« 

10,000  0  A  CHz 

la  (Zn  1/3  Ta  2/3)  02 

30 

10,000  0  10  CHz 

Ba  (Mg  1/3  Ta  2/3)  02 

25 

25,000  0  10  CHz 

Ba  0  -  PbO  -  Ndz  03  - 

Tl  02  II 

5,000  0  1  CHz 

Al2  0j 

11 

50,000  0  10  CHz 

Whether  any  of  tho  dielectric  compositions  shown  in 
Table  I  have  overall  superiority  is  not  clear, 
since  other  factors,  such  as  ease  of  ceramic 
processing  and  ability  to  hold  tolerances  on  the 
dielectric  properties  must  also  be  considered.  The 
performance  limitations,  if  any,  of  the  lower 
dielectric  constant  materials,  remain  to  be 
determined,  since  most  component  work  reported  thus 
far  has  used  dielectric  resonators  with  cr  in  the 
range  of  37*100.  The  lower  dielectric  constant 
material  is  likely  to  be  more  sensitive  to 
shielding,  due  to  the  increase  in  fields  outside 
the  resonator. 

Resonant  frequency 

The  resonant  frequency  of  a  dielectric  resonator  is 
determined  both  by  its  dimensions  and  its 
surroundings.  Although  the  geometrical  form  of  a 
dielectric  resonator  is  extremely  simple,  an  exact 
solution  of  the  Maxwell  equations  Is  considerably 
more  difficult  than  for  the  hollow  metallic  cavity. 
For  this  reason,  the  exact  resonant  frequency  of  1 
certeln  resonant  mode,  such  as  TE^j  can  only  be 
computed  by  rigorous  nusterlcal  procedures.  A 
number  of  theories  on  the  subject,  which  can 
predict  resonant  frequency  to  an  accuracy  of  +_ 1Z 
for  the  given  configuration,  appear  In  the 
literature.  Unfortunately,  these  methods  call  for 
the  use  of  high-powered  computers.  Kajfez*  has 
presented  an  approximate  solution  of  the  involved 
equations  both  for  the  isolated  case  and  for  the 
more  commonly-used  MIC  configuration.  This  method 
is  typically  accurate  to  +2X. 

Currently-practlcal  dielectric  resonators  cover  a 
frequency  range  of  1  to  100  CHz.  The  lower 
frequency  limit  is  imposed  by  the  resulting  large 
size  of  the  resonator,  vhile  the  upper  frequency  is 
limited  by  the  reduced  Q  of  smili  resonators,  as 
well  as  by  dimensions  that  become  too  small  to 
effectively  couple  with  the  transmission  line. 

To  a  first  approximation,  a  dielectric  resonator  is 


TEMPERATURE 

FREQ. 

COEFFICIENT 

msi- 

manufacturer 

+2 

1  To  100  CHz 

Bell  Labs 

-A  To  10  Adj 

1  To  100  Chz 

Trans  Tech 
Thomson,  Murata 

0  to  10 

A  To  100  Chz 

Murata 

A 

A  To  100  CHz 

Sum l mo to 

0  to  6 

<  A  CHx 

Murata/Trans  Tech 

0  to  6 

>  11  CHz? 

NTK/Trana  Tech 

radiation  losses.  The  unloaded  quality  factor  Qu 
is  thus  limited  by  the  losses  in  the  dielectric 
resonator. 

The  shape  of  a  dielectric  resonator  is  usually  a 
solid  cylinder,  but  tubular,  spherical  and 
parallaloplped  shapes  are  also  used.  The  commonly- 
used  resonant  mode  in  cylindrical  resonators  Is 
denoted  by  TEols.  In  the  TEgjj  mode,  magnetic 
field  lines  are  contained  in  the  meridian  plane 
while  the  electric  field  lines  are  concentric 
circles  around  c-axis  as  shown  in  Fig.  1.  For  a 
distant  observer,  this  mode  appears  as  a  magnetic 
dipole,  and  for  this  reason  it  Is  sometimes 
referred-to  as  the  "aagnetlc  dipole  mode."  When 
the  relative  dielectric  constant  is  around  A0,  more 
than  9SZ  of  the  stored  electric  energy,  and  more 
than  60Z  of  the  stored  magnetic  energy,  is  located 
within  the  cylinder.  The  remaining  energy  is 
distributed  in  the  sir  around  the  resonator, 
decaying  rapidly  with  distance  away  from  the 
resonator  surface. 

To  effectively  use  dielectric  resonators  in  micro- 
wave  circuits,  it  is  necessary  to  have  an  accurate 
knowledge  of  the  coupling  between  the  resonator  and 
different  transmission  lines.  The  TEqjj  mode  of 
the  cylindrical  resonator  can  be  easily  coupled  to 
a  microstrip  line,  fin  line,  magnetic  loop,  or  to  s 
metallic  or  dielectric  waveguide*.  Figure  2  shows 
the  magnetic  coupling  between  a  dielectric 
resonator  and  microstrip  line.  The  resonator  is 
placed  on  top  of  the  microstrip  substrate.  The 
lateral  distance  between  the  resonator  and  the 
microstrip  conductor  primarily  determines  the 
amount  of  coupling  between  the  resonator  and  tha 
microstrip  transmission  line^.  This  has  a  direct 
effect  upon  output  power,  frequency  stability,  and 
harmonic  content,  as  well  as  resonant  frequency. 
Proper  metallic  shielding,  required  to  minimize  the 
radiation  losses  (hence  to  increase  Q)  also  affects 
the  resonant  frequency  of  the  TEqjj  mode.  Figure  3 
shows  the  equivalent  circuit  of  the  dielectric 
resonator  coupled  to  the  line. 
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BW-SImHi  tn4  <fr»trlrai. 

There  art  two  M«n*  of  Incorporating  a  dielectric 
roaonator  in  a  microstrip  circuit:  a*  a  passive 
stabilisation  element  (stabilised  MO),  or  aa  a 
circuit  element  in  a  frequency  determining  network 
(atablo  MO). 

A  stabilised  MO  ia  a  device  which  utlllxes  a 
dloioctrlc  roaonator  in  the  output  piano  of  a  DMO 
circuitry  to  atabllixe  an  oiherwiao  free  running 
oaclilator  (Fig.  A).  Thla  approach  haa  several 
dlaadvantagoa  including  a  tendency  toward  node 
jumping,  frequency  hyatereaia  problems,  higher 
inaertiun  loaa  due  to  the  roaonator  being  coupled 
to  the  output  circuitry  and  lncreaaed  output  power 
variation. 

The  atable  DRO  configuration,  which  uaea  the 
dielectric  roaonator  aa  a  feedback/frequency 
determining  element,  ia  the  moat  co— only  uaed, 
having  greater  efficiency,  simpler  conatruction  and 
more  reaiatance  to  mode  Jumping  and  hyatereaia 
effect*  than  the  atabllixed  DRO. 

To  real ice  a  atable  DRO,  the  roaonator  may  be  uaed 
aa  either  a  aeriea  or  parallel  feedback  element  in 
the  frequency  determining  circuit.  Figure  5  ahowa 
two  common  conf  lguratlona  of  each  type1.  An 
advantage  of  the  aeriea  feedback  deaign  ia  the 
relative  eaae  of  coupling  to  a  alngle  line, 
compared  to  the  parallel  clrcult'a  requirement  for 
double  line  coupling.  In  addition,  the  two 
coupling  coefficlenta  in  the  parallel  caae  are  not 
Independent,  lncreaalng  the  difficulty  of 
alignment.  With  the  parallel  circuit,  however,  the 
uae  of  a  high  gain  amplifier  can  allow  algnificant 
decoupling  of  the  roaonator  from  the  mlcroatrip 
llnaa,  reaulting  in  a  higher  loaded  Q  factor  with 
aacoclated  reduction  in  phaae  noiae. 

Electrical  Performance  Paraamtero 


Center  Frequency  and  Power  Output:  Aa  ahown  in 
Figure  6,  Translator  DRO'a  are  available  spanning 
the  frequency  range  of  3  GHz  to  40  GHz  with  power 
outputs  ranging  to  greater  than  4-25  dBm.  As  noted 
earlier,  the  oscillator  can  be  either  Bipolar  or 
CasFET,  each  with  associated  tradeoofsin 
performance,  and  the  oscillator  can  be  followed  by 
one  or  mroe  buffer  amplifier  stages  as  required  to 
meet  power  output  specifications.  The  center 
frequency  is  usually  specified  in  MHz,  to  the  MHz, 
with  an  associated  stability  (temperature 
dependent)  or  accuracy  (temperature,  pulling  and 
pushing  dopendant)  specification. 

Frequency  Stability  is  the  measure  of  change  in 
frequency  over  the  specified  operating  temperature 
range.  Typically,  this  has  been  expressed  in  parts 
per  million  per  degree  centigrade  (ppm/°C).  As  the 
actual  frequency  change  versus  temperature  is  not  a 
linear  function  about  a  reference  of  425°C,  other 
methods  of  specifying  stability  are  preferred.  One 
worthwhile  method  is  to  specify  a  percent  change  in 
frequency  over  a  temperature  range,  another  is  to 
specify  parts  per  million  over  the  temperature 
range,  referred  to  room  temperature. 

The  principal  cause  of  the  DRO  frequency  drift  with 
temperature  the  phase  deviation  between  the 
resonant  circuit  and  the  active  circuit,  including 
device,  feedback  and  output  circuitry.  Using  the 


oscillation  condition  in  the  redaction  coefficient 
form,  it  can  be  easily  proved  that  the  temperature 
coefficient  of  DRO  frequency  is  a  function  of  the 
following  parameters: 

0  The  temperature  coefficient,  if,  of  the 
dielectric  resonator  placed  in  a  shielded 
MIC  configuration. 

0  The  unloaded  Q  of  the  dielectric  resonator. 

0  The  coupling  coefficient  of  the  D.K.  with 
the  mierostrip  line. 

0  The  temperature  coefficient  (tpj,)  of  the 
device  (transistor)  input  ^reflection 
coefficient  phase  that  is  known  to  decrease 
linearly  with  temperature. 

In  order  to  achieve  a  temperature-compensated  DRO, 
a  resonator  with  a  temperature  coefficient  of  41  to 
+4  ppm/°C  is  generally  required  to  offset  the 
negative  temperature  coefficient  of  the  device 
phase  temperature  coefficient.  Figure  7  shews  some 
of  the  typical  frequency  drift  curves  over 
temperature  for  free-running  DRO*. 

With  present  technology  it  is  now  possible  to 
repeatably  produce  DRO*  with  frequency  drift  of 
less  than  4.100  ppm  over  the  -SS  to  4gS  ®C  military 
temperature  range,  at  frequencies  up  to  40  GHx. 
However,  as  shown  in  Fig.  7,  results  reported  in  R 
A  D  environment  art  significantly  batter  (4.10  ppm 
over  temperature)^. 

Certain  system  applications  require  higher 
temperature  stabilities  than  the  ones  achievable 
using  free  running  DRO*.  A  number  of  techniques 
used  to  improve  the  temperature  stability 
are: 

The  Diettailv  Compensated  DRO  (DC-DRO),  in  which  a 
temperature  sensor  is  mounted  in  the  oscillator  to 
detect  the  temperature  changes.  Using  EPROMs,  pre¬ 
programmed  with  temperature  characteristics  of  the 
DRO  and  a  look-up  table  in  the  ROM,  A/D  A  D/A 
convertors  provide  the  necessary  correction  signal, 
which  is  applied  to  the  varactor  bias  of  an 
electronically-tuned  DRO.  Using  this  technique 
frequency  stability  of  4.  15  ppm  can  be  obtained 
over  temperature*4. 


The  Analot-Comoensated  DRO  (AC-DRO).  which  uses 
less-complex  circuitry,  consisting  cf  an  analog 
compensator  circuit  in  conjunction  with  a 
temperature  sensor,  to  achieve  up  to  _420  ppm 
frequency  stability.  Each  oscillator  is 
characterized  by  generating  a  custom  tuning 
voltage-vs. -temperature  curve  required  to  maintain 
a  constant  frequency.  The  compensation  circuit  is 
aligned  to  fit  the  tuning  voltage  vs.  temperature 
curve  of  the  specific  oscillator.  The  correction 
voltage  from  the  output  circuit  is  applied  to  the 
tuning  varactor  cf  the  ET-DRO,  thus  maintaining  a 
constant  frequency*. 


Ovenization  is  also  used  to  enhance  the  temperature 
stability  of  a  DRO.  To  achieve  temperature 
stability,  the  oscillator  package  is  Inserted  in  a 
temperature-stabilized  oven.  Using  a  heater 
clement,  a  quick-response  thermistor  and  associated 
control  circuitry,  the  package  temperature  can  be 
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maintained  within  +J  eC  at  5  to  10  degrees  ah «ve 
the  maximum  ambient  temperature.  A  total  frequency 
•lability  of  baitor  than  +J0  ppm  can  bo  obtained 
using  this  approach. 

Oven  I zed  DROe  offor  batter  phase  noise  compared  to 
the  AC -DRO  and  DC-MO  because  •>**  £90  does  not  need 
to  Incorporate  electrical  tuning  circuitry.  Analog- 
and  digitally-compensated  DROs,  hoWver,  are 
smaller  in  site  and  do  not  need  the  substantial 
•Muni  of  heater  power  required  by  the  ovenlxed 
MO. 


active  device. 

2.  rc,  defined  as  the  upconverslen  factor,  a 
Measure  of  the  efficiency  in  the  conversion 
of  the  low  frequency  noise  to  the  phase 
noise  of  the  microwave  oscillator. 

3.  The  loaded  Q  factor  of  the  dielectric 
resonator. 

A.  The  output  power  (or  external  Q)  of  the 
oscillator. 


B»tt-  WO*  (FL-MO)  and  Inlectiog  locked 

MOo  < 1L-ORO)  are  used  when  the  requisite  frequency 
stability  and  phase  noise  cannot  be  achieved  using 
the  previously-described  approaches.  A  Ft-DRO  or 
IL-DRO  approach  also  becosies  necessary  when 
sailtiple  oscillators  are  required  to  be  phase  or 
frequency  coherentor  both.  For  locked  systems,  a 
highly  stable  crystal-controlled  signal  source 
operating  at  HP  or  VMF  is  used  as  a  reference 
oscillator. 


In  injection  locking,  a  VHF  power  amplifier  driving 
a  stop-recovery  diode  is  used  to  generate  a 
wideband  harmonic  comb,  which  Includes  the  required 
locking  frequency.  A  bandpass  filter  is  used  to 
select  the  frequency  of  interest,  and  a  free- 
running  DUO  is  locked  to  the  harmonic  of  the 
reference  source  through  the  Injection  locking 
circuit  shown  in  Fig.  I.  The  SMln  requirement  in 
this  case  Is  to  make  sure  that  the  MO  frequency 
drift  under  all  operating  conditions  is  less  than 
the  injection  locking  bandwidth,  Of.  This 
bandwidth  is  a  function  of  the  injection  power, 
oscillator  output  power,  and  external  Q. 

Figure  9  shows  a  typical  phase-locked  DUO  circuit, 

A  DC-coupled  sampler/phase  detector  is  used  to  mix 
the  nearest  hanaonic  of  the  amplified  crystal 
oscillator  with  the  ir.cosiing  frequency  from  the 
DUO.  If  the  difference  frequency  is  small  enough, 
the  loop  will  be  driven  towards  a  point  where  the 
difference  frequence  out  of  the  sampler  become* 
aero.  The  loop  then  drives  the  DUO  towards  a  xero 
phase  error  condition.  A  search  mechanism  Is 
generally  Included  in  the  system  so  that  the  loop 
will  be  forced  to  tune  through  a  stable  lock  point 
if  the  initial  difference  frequency  is  too  large 
for  capture  to  occur.  An  AC-coupled  phase-locked 
DRO  circuit  is  used  when  the  output  frequency  of 
the  DRO  Is  not  harmonically  related  to  the 
reference  oscillator  frequency. 

Injection  locking  is  simpler  and  less  expensive 
approach  compared  to  phase  locking,  but  the  XF 
output  Is  more  likely  to  contain  spurious  signals 
at  the  harmonics  of  the  reference  oscillator 
frequency.  Injection  locking,  In  reality,  Is 
frequency  locking  as  opposed  to  phase  locking. 

Slnsle  Sideband  Phase  Noise 

Phase  noise  can  be  defined  as  short-term  frequency 
stability,  characterized  by  frequency  variations  in 
the  output  frequency  which  appear  as  FM  energy 
around  the  carrier  frequency.  Phase  noise  Is 
specified  in  dBc/Hz  measured  at  specified  offests 
from  the  carrier  frequency:  typical  offsets  are  10 
and  100  kHz.  In  a  DRO,  phase  noise  is  primarily 
dependent  on  four  factors: 


Optimisation  of  phase  noise  performance  calls  for 
special  design  considerations,  as  well  as  the  use 
of  a  high-Q  dielectric  resonator  and  proper  device 
selection.  It  has  been  proven  that  the  low- 
frequency  noise  in  a  CaAs  F£T  Is  inversely 
proportional  to  the  gate  length  and  width  of  the 
device.  Figure  10  compares  the  phase  noise 
performance  of  a  number  of  different  oscillators. 

The  following  techniques  can  also  be  used  to 
further  reduce  phase  noise: 

bow  frequency  feedback,  using  a  parallel  feedback 
circuit  designed  at  low  frequencies  (up  to  1  KHz) 
in  order  to  reduce  upconverslon  of  the  low 
frequency  noise.  Phase  noise  improvement  of  up  to 
20  d>  has  been  reported  using  this  technique*. 

Heist  deteneratlon.  using  tha  *>ame  dielectric 
resonator  both  as  the  frequency  determining  element 
of  the  oscillator  and  the  dispersive  element  of  the 
frequency  discriminator.  The  DC  output  of  the 
discriminator  is  applied  to  the  frequency  control 
point  of  the  MO.  This  technique  has  been  reported 
to  achieve  phase  noise  as  low  as  -120  dBc  f  10  KHz 
at  10  GHz  from  the  carrier”. 

Mechanical  Tuning 

The  frequency  of  oscillation  of  the  dielectric 
resonator  is  dependant  on  a  number  of  factors,  not 
the  least  of  which  is  its  proximity  to  the  ground 
plane.  To  take  advantage  of  this,  a  tuning  screw 
can  be  installed  in  the  top  cover  directly  above 
the  resonator  which,  by  reducing  the  distance 
between  the  resonator  and  the  apparent  ground 
plane,  will  provide  for  a  certain  amount  of  change 
in  the  resonant  frequency  (Fig.  11).  The  reason 
for  such  behavior  can  be  found  in  the  cavity 
perturbation  theory.  Hamely,  when  a  metal  wall  of  a 
rusonant  cavity  is  moved  inward,  the  resonant 
frequency  will  decrease  If  the  stored  energy  is 
predominantly  in  the  electric  field.  Otherwise, 
when  the  stored  energy  close  to  the  suignetic  walls 
is  mostly  suignetic,  as  is  the  case  for  the  shielded 
TEq)  dielectric  resonator  considered  here,  the 
resonant  frequency  will  increase  when  the  wall 
moves  inward.  Current  designs  allow  for  up  to  5 
percent  tuning  range  without  degradation  of  other 
performance  parameters.  A  properly-designed 
mechanical  tuning  option  will  provide  a  maximum  of 
tuning  range  while  still  maintaining  hermeticlty 
and  reliability,  and  will  not  appreciably  affect 
the  resonator  Q  factor  (apparent  as  a  degradation 
in  noise  and  power  performance)  or  temperature 
stability. 


Electronic  Tuning 


1.  The  low  frequency  noise  inherent  in  the  The  yxc-tuned  oscillator  (YTO)  and  varactor-tuned 
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oscillator  (VCO)  art  the  commonly  used 
electronlcally-tunable  oscillator*.  YTO'a  ara 
selected  for  high  tuning  linearity,  largo  tuning 
bandwidth  (>2  octavo*)  and  low  phase  nolso.  Thoir 
disadvantage*  ar*  low  tuning  spood,  cumbersome 
mechanical  six*,  considarahla  weight  and 
significant  tuning  power  consumption.  VCO's,  on  the 
other  hand,  offer  small  six*  and  weight,  high 
tuning  speed,  low  tuning  power,  but  have  relatively 
poor  tuning  linearity,  inferior  phase  noise  and 
generally  lower  bandwidth  (<  one  octave).  For  some 
applications,  however,  such  as  FHCW  radar  sources, 
narrowband-modulated  cosamnlcation  systems  or  FIX 
systems,  bandwidth  needs  are  on  the  order  of  0.1  to 
U  ;  and  these  applications  require  sources  with 
low  phase  noise,  high  tuning  speed  and  low  tuning 
power.  Electronically  tunable  DRO's  (ET-DRO)  can 
now  meet  the  requirements  for  many  of  these 
applications. 

KT-MO's  are  also  commonly  used  for  analog/digital 
temperature  compensation  of  the  oscillator.  This 
application  requires  that  the  frequency  tuning  of 
the  WO  should  exceed  the  frequency  drift  of  the 
oscillator  under  any  combination  of  operating 
conditions  (temperature,  load  and  biaa  variations). 
Various  means  are  used  to  electrically  tune  the 
W0‘,  including  ferrite  tuning,  optical  tuning,  and 
the  more  popular  varactor  and  bias  tuning. 

Varactor  twins  (a  typical  scheme  shown  in  Fig.  12) 
can  provide  up  to  12  frequency  adjustment.  The 
dielectric  resonator  is  coupled  to  another 
nlcrostrlp  line  connected  to  a  varactor,  resulting 
in  mutually-coupled  resonant  circuits.  The  bias* 
voltage'dapandant  capacitance  of  the  varactor 
varies  the  resonant  frequency  of  the  low-Q  resonant 
circuit  with  the  tuning  voltage.  The  amount  of 
frequency  tuning  rang*  can  be  controlled  by  varying 
the  coupling  between  the  low-Q 
mlcrostripline/varactor  circuit  and  the  dielectric 
resonator  circuit.  Tighter  coupling  permits 
greater  tuning  range,  however  the  attendant 
degradation  in  the  Q  factor  manifests  Itself 
primarily  a*  an  increase  in  phase  noise.  Varactor 
tuning  is  by  far  the  most  common  means  of 
incorporating  electronic  tuning. 

Bias  voltes*  tunins  takes  advantage  of  the 
sensitivity  to  changes  in  the  supply  voltage  of  the 
device  used  as  an  oscillator.  By  not  using  an 
Internal  voltage  regulator,  the  oscillator  can  be 
designed  to  provide  the  necessary  tuning  range  by 
varying  the  supply  voltage,  typically  within  .12  of 
center  frequency.  As  output  power  is  often  a 
function  of  supply  voltage,  care  sxist  be  exercised 
to  maintain  suitable  output  power  variation 
characteristics. 

Figure  13  shows  the  phase  noise  characteristics  for 
an  electronically-tuned  DRO  using  a  varactor.  It 
may  be  noted  that  Increase  In  electrical  tuning 
results  In  Increased  phase  noise.  Figure  14 
reflects  the  frequency  tuning  and  modulation 
sensitivity  characteristics  with  tuning  voltage  and 
also  shows  the  output  power  fluctuation  over  the 
tuning  range.  The  electrically  tunable  DROs  are 
presently  available  up  to  26.5  GHx. 

In  an  optlcally-tunable  dielectric  resonator 
configuration  (Fig.  15),  photosensitive  material, 
such  as  high-resistivity  silicon,  is  placed 
directly  on  the  dielectric  resonator.  Light  from  a 
laser  or  light-emitting  diode  (LED)  is  brought 


through  an  optical  fiber  to  illuminate  t'te 
photosensitive  material,  changing  its  conductivity 
and  perturbing  the  electromagnetic  fieUi  in  and 
around  the  resonator.  This  perturbation  results  in 
a  shift  in  the  center  frequency  of  the  DRO.  Using 
this  technique  tuning  bandwidth*  of  >0.12  can  i« 
obtained. 

Soeelal  DRO  Circuits 

Excellent  iniegrabllity  and  high  performance  of  the 
dielectric  resonators  has  generated  a  large  number 
of  Interesting  DRO  configurations  for  various 
system  applications.  Some  of  those  special  circuits 
will  be  described  in  this  section! 

A  dual-resonator  oscillator,  shown  in  Fig.  16, 
presents  a  highly  stable  DRO  circuit  using 
identical  resonators  In  a  series  feedback 
configuration  in  both  the  source  and  gate  circuit 
of  a  FET7.  This  oscillator  has  three  output  ports, 
and  its  microstrip  circuitry  is  wideband  due  to  the 
simple,  minimally-tuned  50-ohm  lines  on  all  three 
port*  of  the  transistor.  This  oscillator  is  not 
particularly  susceptible  to  spurious  oscillations, 
and  can  provide  high  temperature  stabilities  by 
selecting  eppropriat*  dielectric  mixes  for  the 
resonators. 

A  push-push  PRO  (Fig.  17  )  can  ua*  a  common 
dialectic  resonator  for  two  transistors.  In  this 
approach  the  fundamental  frequency  of  the 
oscillator*  Is  cancelled  and  the  second  harmonica 
ar*  added  at  the  output  plane  of  the  oscillator. 
This  circuit  helps  to  generate  low-noise 
oscillations  ar  frequencies  much  higher  than 
otherwise  possible.  For  example,  using  an  II  CHx 
resonator,  a  CaAs  FET  DRO  wss  reported  to  have  a 
phase  noise  of  -100  dBc  9  lOOKMt*.  Figure  II  shows 
a  comparison  of  phase  noice  between  an  Avantak  II 
CHx  push-push  bipolar  DRO  and  fundamental  CaAs  FET 
oscillator. 

A  selectable  multi -frequency  oscillator  development 
appears  in  Fig.  19  The  diagram  shows  e  fast¬ 
settling  tri-frequency  selectable  DRO.  A  single 
CaAs  FET  is  used  in  conjunction  with  a  simple 
single-pole  three-throw  (SF3T)  switch  to  select  Che 
dielectric  resonator  corresponding  to  the  desired 
output  RF  frequency.  Compared  to  the  old  approach 
of  using  several  continuously-operating  DRO*  and  a 
high  Isolation,  matched  SP3T  switch,  this  approach 
is  free  of  the  spurious  signals  at  the  unsalected 
frequencies.  This  approach  is  also  less  expensive, 
uses  less  number  of  components  and  is  more  reliable 
compared  to  the  old  approach.  The  output  frequency 
settles  within  _+10  ppm  Ip  less  than  2 
microseconds®. 

A  silicon  monolithic  self-oscillatinx  mixer  uslns  a 
Darlington  pstr  is  shown  in  Fig.  20.  The  dielectric 
resonator  is  used  In  parallel  feedback  between  the 
Input  and  output  of  the  device.  RF  input  is  mixed 
with  the  LO  in  the  first  transi*  tor  Q1  and  the 
second  transistor  offers  gain  at  the  IF  frequency. 
Using  this  configuration  an  RF  signal  at  3.7  to  4.2 
CHz  was  down  converted  to  i  to  1.5  GHx  IF  with  ®  dB 
conversion  gain  10, 

Limitations  of  Transistor  DROs 

Free-running  DROs  presently  do  not  have  the  low 
phase  noise  and  temperature  stabilities  required 
for  certain  high-performance  applications.  This 
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limitation  necessitates  tha  us*  of  phase  locking) 
injection  locking,  over.lsing  or  analog  or  digital 
compensation  circuit*  whan  necessary.  Another 
important  limitation  of  the  MO  is  the  effect  of 
vibration  on  the  performance  of  the  MO.  Under 
vibration  the  variation  of  the  distance  between  the 
resonator  and  the  outer  shielding  is  the  major 
cause  of  the  deterioration  of  tU  phas-  noise.  A 
random  vibration  density  of  0.2  C2/H*  can  increase 
the  phase  noise  by  more  than  20  dg  up  to  the 
highest  frequency  of  vibration.  (1)0*0  locking  or 
injection  locking  are  typically  used  to  minimise 
these  effects. 

Mm-IfliWg 

The  dielectric  resonator  oscillator  technology  is 
developing  exceedingly  rapidly.  Emphasis  will 
continue  to  develop  hl{h*i'  performing  MO*.  The 

following  aspects  are  likely  to  be  dealt  with  in 
the  near  future: 

0  Lower  phase  noise  end  higher  temperature 
stability  oscillators. 

0  Extension  of  both  lower  and  upper 

frequency  coverage. 

9  Higher  power  at  millimeter  frequencies 

0  Reduction  in  coat  and  site 

0  Wider  mechanical  and  electrical  tuning 

bandwidth* 

0  Improvement  in  PRO  performance  under 

vibration 

0  Optical  tuning  A  injection  locking 

0  Development  of  new  materials  for 

dielectric  resonators  for  linear 
temperature  coefficient  and  higher 
quality  factor. 

0  Use  of  higher-order  modes. 
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F,9-  2  Dielectric  Resonator  coupled  to  a 
•U'.rostrip  line. 
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Fig.  3  Eqv.  Ckt.  of  D.R.  counted  to  a  nicrostrip 
line. 


Fig.  4  Stabilised  GaAs  FET  0R0. 
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Flo.  5  Stable  Transistor  ORO  Configurations. 
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Fig.  6  Power  vs.  Frequency  for  Transistor  DROs. 


Fig.  7  Frequency  Drift  vs.  Temperature  for 
typical  DROs. 
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F<8.  16  (Xtal  Olelectrlc  Resonator  Oscillator. 
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Fig.  18  Phase  Noise  Comparison  between  Push-Push 
Bipolar  DRO  4  Fundamental  GaAs  FET  DROs. 
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AKTKACT 

Experimental  and  computational  results  of  a  study  of  a 
new  kind  of  dielectric  resonator  are  presented.  It 
consists  of  a  cooled,  eyllndrlcally  symmetric  sapphire 
resonator  surrounded  by  a  metallic  shield  and  Is 
capable  of  higher  Q'a  than  anv  other  dleleetrle 
resonator.  Isolation  of  fields  to  the  sapphire  by  the 
special  nature  of  the  node  allows  the  very  low  loss  of 
the  sapphire  Itself  to  he  expressed.  Calculations 
show  that  the  plethora  of  nodes  In  such  resonators  can 
be  effectively  reduced  by  the  use  of  a  ring  resonator 
with  appropriate  dimensions.  Experimental  results 
show  Q'*  ranging  from  3x10’  at  7?  Kelvin  to  10*  at  6.2 
Kelvin.  Performance  Is  estimated  for  several  types  of 
DRO's  Incorporating  these  resonators.  Phase  noise 
reductions  In  X-band  sources  are  Indicated  to  values 
substantially  lower  than  presently  available. 


JUtlMPltSUgS 

A  new  kind  of  dleleetrle  resonator  promises  to  enable 
an  Important  advance  In  the  capability  of  dielectric 
resonator  oscillators  (DRO's).  This  resonator 
consists  of  a  cooled  sapphire  ring  or  cylinder 
surrounded  by  a  metallic  shield;  and  Is  capable  of 
higher  Q's  than  any  other  dleleecrlc  resonator, 
equalling  those  of  quarts  crystals  at  cemperaturea 
wlileh  can  be  reached  bv  means  of  thermoelectric 
cooling. 1,5  At  10  to  20  Kelvins  It  rivals  the 
performance  of  superconducting  resonators  requiring 
temperatures  10  times  lower.  Vo  report  on  results  of 
tests  on  such  a  sapphire  resonator  at  E-band  which 
show  Q's  ranging  from  3x10*  at  7/  Kelvin  to  10*  at  6.2 
Kelvin. 

The  high  q'a  of  these  resonators  depend  not  only  on  a 
reduction  of  losses  Internal  to  the  sapphire  hut  also 
on  Isolation  of  the  resonant  energy  from  losses  in  the 
surrounding  metallic  shield.  With  a  dielectric 
constant  (*10)  only  a  fraction  of  that  of  ocher 
dielectric  resonator  materials,  sapphire  resonators 
are  at  a  substantial  disadvantage  In  tills  regard. 
Tills  Is  overcome  In  the  resonators  of  the  present 
study  by  a  process  similar  to  the  optical  phenomenon 
of  total  internal  reflection. 

We  present  the  results  ot  both  experiment  and  calcula¬ 
tion  which  show  that  effective  Isolation  can  he 
obtained  in  modes  with  5  to  10  full  waves  around  the 
perimeter  of  the  resonator,  t.’ew  computations  for  mode 
Q's  and  frequencies  for  high  mode  numbers  are 
presented  based  on  previously  published4  solutions  to 
the  wava  equation  for  an  Isolated  Isotropic  dielectric 
sphere,  the  only  finite  geometry  for  which,  to  the 
authors'  knowledge,  closed  fora  solutions  have  been 
developed.  An  approximate  method  is  developed  to 
allow  calculations  for  right  cylinders  and  for  rings 
with  rectangular  cross  section.  Tills  method  Is  based 
on  (also  approximate)  solutions  for  a  rectangular 
dielectric  waveguide*.  The  ring  is  assumed  to  be  Just 
such  a  waveguide  bent  around  on  itself.  Losses  in  the 
metallic  shield  are  explicitly  considered. 


The  pletliara  of  modes  in  the  cylinder  and  sphere  have 
led  us  to  consider  the  ring  resonator  for  further 
analysis  and  studv.  We  find  that  an  appropriate 
choice  of  ring  dimensions  can  greatlv  Increase  the 
mode,  spacing  without  aaerlficlng  the  Isolating 
properties  of  the  mode. 

Analysis  of  several  different  tvpes  of  oscillator 
applications  are  presented.  Possible  appllc. tlons 
Include  low  noise  mlerowave  oscillators  using  onlv 
thermo-electric  cooling,  and  oscillators  with  both 
extremely  low  noise  and  high  stability  at  temperatures 
of  77K  am)  below, 
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Cryogenic  sapphire  resonators  have  been  studied 
experimentally  by  ftlalr*  In  Australia  and  bv  V.  ft. 
ftraglnskv5  and  coworkers  In  the  USSR,  with  the  aim  to 
develop  ultra -stable  microwave  oscillators  and 
discriminators.  Previous  work  lias  Included  measure¬ 
ments  of  mode  frequencies  and  ovaneseent  field  decay 
lengths,  measurement  and  calculation  or  temperature 
and  frequency*  dependence  of  the  Q's.  measurement  of 
the  fractional  thermal  coefficient  of  the  resonant 
frequency,  and  development  ard  studv  of  stabilised 
oscillator  performance. 

In  these  vxperlmental  studies  sapphire  losses  are 
found  to  drop  dramatically  as  the  temperature  Is 
reduced  below  ambient,  showing  an  approximately  T* 
dependence  for  temperatures  down  ro  about  50  Kelvin, 
•ihare  e  Q  of  approximately  10*  Is  attained  (for 
X-hand).  The  loss  mechanism  responsible  for  this 
behavior  has  jeen  Identified  by  Curevlceh*  as  phonon 
generation  due  to  lattice  anharmonlclty  The  T* 
dependence  of  the  losses  ns  well  os  a  linear  depen¬ 
dence  on  frequency  are  predicted  by  tills  theory.  Both 
are  horn  out  in  experimental  data,  indicating  that 
this  source  of  loss  is  Inherent  In  the  sapphire,  and 
probably  cannot  he  Improved  upon  by  Improved  sample 
preparation.  It  seems  appropriate,  then,  to  use  the 
presently  observed  high  temperature  behavior  as  a 
basis  to  engineer  filters  and  DRO's, 

The  temperature  dependence  of  the  frequency  of 
sapphire  dielectric  resonators  has  also  been  studied 
by  both  groups.* •*  The  fractional  frequency  variation 
with  temporacure  dF/dT/F  Is  found  to  saturate  at  about 
6xlO"*/Kelvln  at  high  temperatures  (>30OK),  dropping 
as  the  coefficient  of  expansion  "freezes  out"  it  lower 
temperatures.*  It  reduces  to  3xl0‘*  at  77K  and  falls 
as  TJ  at  lower  temperatures  to  a  value  estimated  to  bo 
10’**  /Kelvin  at  a  temperature  of  1  Kelvin.*  The 
values  found  at  77K  and  bolow  could  allow  very 
impressive  oscillator  stability,  with  a  stability 
equal  to  that  of  quartz  crystals  reached  by  oOK.  At 
10  Kelvin,  the  readily  available  temperature  variation 
of  10  nlcrodegreos  would  cause  a  fractional  frequency 
variation  of  only  10"**. 
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The  stability  demonstrated  bv  oscillators  using 
sapphire  and  sapphire-filled  resonators  shows  the 
efficacy  of  this  reduction  In  expansion  coefficient, 
frequency  stability  of  10’*5  vas  demonstrated  by  the 
Kusslan  group  using  a  CVHH-exelted  oscillator.*  and 
stability  better  than  10MS  has  been  reported  bv  the 
Australian  group5  using  a  frequency- loeked  ei*:W 
oscillator  At  room  temperature  The  authors,  using  a 
sapphire  resonator  coated  with  superconducting  lead, 
have  demonstrated  stability  better  than  10*  *  +  at  Itm 
seconds.  In  this  last  case,  the  higher  stabllitv  is 
net  attributable  to  the  superconducting  coating,  hut 
rather  to  the  use  of  a  ruhv  HASFJt  aa  the  source  of 
excitation.5  The  lead  eoatlng  is  rather  aeen  as  a 
distinct  disadvantage  in  this  regard,  its  greater 
thermal  sensitivity  forcing  operation  at  temperatures 
below  1  Kelvin  to  achieve  the  observed  stabllitv. 

While  all  of  the  oscillators  just  mentioned  operate  at 
temperatures  below  2  Kelvin,  the  prespeet  of  both  high 
stability  (due  to  the  low  expansion  coefficient)  and 
extremely  low  phase  noise  (due  to  high  Q)  in  the 
temperature  range  from  10  K  to  7 JK  is  perhaps  the  most 
exciting  aspect  of  their  performance.  Of  great 
significance  here  are  the  relatively  small  and 
inexpensive  cryoeoolers  available  in  this  temperature 
range.  In  addition,  comparison  to  conventional  CRB’s 
and  eavlty-stabilUed  microwave  oscillators  also 
Indicates  a  dramicic  reduction  in  phase  noise  using  a 
sapphire  resonator  at  approximately  110  Kelvin,  a 
temperature  achievable  using  thermoelectric  cooling. 
Here  the  q  of  2x10*  compares  with  values  of  l-3xl0‘ 
available  from  other  microwave  resonators,  indicating 
a  corresponding  reduction  of  phase  noise  of  36  to  *6 
db. 


Figure  1  Diagram  showing  the  character  of  the 
electromagnetic  field  In  the  vicinity  of  a  diolectric 
ring  for  an  8-fold  cylindrlcally  symmetric  mode. 


IifllAHB-MOPgt  IK  DIELECTRIC  RKSOSATORS 

Isolated  modes  in  dleleerric  resonators  achieve  weak 
coupling  to  the  surrounding  spa'-e  not  primarily  hv  an 
impedance  mismatch  due  to  the  large  dlelemic 
constant,  hut  rather  hv  isolating  properties  of  the 
mode  Itself.  These  modes  can  he  understood  from  Fig. 
1  as  consisting  of  a  wave  trapped  and  slowed  bv  a 
circular  dielectric  waveguide.  Tbe  wave  equation; 

<ktl5  »  (k,t5  ♦  ik,)5  « 

allows  a  large  value  of  k,  inside  the  dielectric  if 
the  thickness  and  width  of  the  ring  are  large  enough 
to  allow  only  small  values  of  k,  and  k,.  respectively. 
Outside  the  dielectric,  however,  the  dielectric 
constant  t  is  1.  and  this  large  value  of  k#.  still 
required  by  the  symmetry  of  the  mode  for  some  distance 
outside  the  dielectric,  requires  an  imaginary  part  in 
one  of  tlte  other  components  (found  In  k,l  to  satisfy 
this  same  wave  equation.  This  region  of  evanescent, 
decaying  fields  forms  a  buffer  between  tbe  waves  in 
tlte  dielectric  and  allowed  travelling  waves  farther 
out.  These  modes  have  been  misnamed  “whispering 
gallery*  m<  *ess  hut  are  more  properly  seen  as  analog¬ 
ous  to  the  phenomenon  of  total  internal  reflection  in 
optics. 

To  the  authors'  knowledge,  solution  in  closed  form  for 
the  modes  of  cylindrlcally  symmetric  dielectric 
resonators  are  available  onlv  for  the  isotropic  sphere 
and  the  infinite  cylinder.  Of  these,  the  sphere, 
being  a  finite  structure  is  appropriate  for  considera¬ 
tion  here.  Following  solutions  published  hv  bnat«ne. 
et  al«  for  the  modes  TE,.t,  we  have  calculated 
frequencies  and  q's  for  m-l.  r-l,2  and  f«r  n  ranging 
up  to  relatively  large  values.  These  values  are 
plotted  in  Fig,  2  and  shou  an  exponential  Increase  in 
q  as  n  and  the  frequency  are  increased.  A  shortcoming 
in  tills  calculation  is  tlte  inability  to  account  for 
the  effect  of  a  metallic  shield,  necessary  t«  allow  a 
reasonably  small  overall  site  and  desirable  to 
Increase  the  radiation-  limited  q’s  as  shewn  In  Fig, 
2.  It  seems  apparent  that  replacing  the  (completely 
absorbing)  space  surrounding  the  sphere  by  onlv 
slightly  absorbing  copper  should  improve  the  q,  but  bv 
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Figure  2  Radiation- limited  Q  and  freqjcncy  for  TE^, 
modes  of  an  isolated  sphere  with  <  -  10  m-l,  r-1,2. 


how  much?  An  upper  limit  would  seem  to  be  the  produet 
of  the  Q's.  «.g. ,  for  n -1.  r-1  a  radiation  limited  Q 
of  3x10*  (from  Fig.  2)  combined  with  a  copper  can  Q  of 
10*  would  Indicate  that  Q‘*  up  to  3x10*  might  be 
poaalble,  an  attractive  prospect.  tc  also  seema  clear 
from  Fig.  1  that  the  containing  can  must  be  In  the 
evanescent  region,  and  that  there  would  be  aoae 
trade-off  between  Isolation  from  can  losses  and 
position  of  the  can  (overall  slse). 

In  order  to  test  these  Ideas  uc  mounted  an  uncoated 
sapphire  cylinder  with  length  and  diameter  both 
approximately  5  cm  Inside  a  eopper  can  large  enough  to 
provide  a  1cm  gap  at  the  outside  and  on  the  ends.  At 
liquid  nitrogen  temperature  and  below,  we  found  modes 
with  high  Q  (Q  >  10’)  for  frequencies  above  about  M 
6Hs.  Tills  frequency  corresponds  to  n  **  8  or  9  from 
Fig.  2  with  a  corresponding  free-spsce  radiation- • 
limited  Q  of  lb*  to  10*.  Since  the  measured  Q  Is 
higher  thsn  these  values,  seme  enhancement  of  the  Q 
results  from  the  lew- loss  properties  of  the  shielding 
csn. 

However  the  plethora  of  modes  which  we  found  gave  us 
no  hope  of  successfully  Identifying  the  modes  on  the 
basis  of  the  spherical  solutions.  Furthermore,  the 
prospect  of  oscillator  design  Is  daunting,  given  the 
existence  of  strongly  coupled  low-Q  modes  very  near  In 
frequency  to  weakly  coupled  high  Q  modes. 

A  simple  application  of  the  wave  equation  to  the 
geometry  of  Fig.  1.  forcing  a  correspondence  of  kf  and 
kt  to  half-wave  solutions  In  the  r  and  s  directions, 
respectively.  Indicated  that  the  nu'Ver  of  modes  might 
be  reduced  without  great  penalty  b>  a  resonator  with 
geometry  shown  in  Fig.  3.  As  a  nest  step,  and  In 
order  to  obtain  a  more  complete  picture  of  the  modes, 
we  have  constructed  a  mode  picture  based  on  solutions 
for  the  modes  of  a  rectangular  dleleecvle  waveguide 
derived  l»v  Harcatlll*.  He  Idenrlflea  modes  F-^*  and 
F.  *  with  electric  polarisation  In  the  x  and  <e 
directions,  respectively  and  with  p  and  q  half  waves 
In  the  x  and  v  directions.  Identifying  the  x.  y.  and 
s  coordinates  of  these  solutions  with  the  r,  s.  and  i 
directions  Indicated  In  Fig.  1;  mode  Indices  p  and  q 
with  the  mode  multiplicity  in  the  r  and  s  directions, 
and  Introducing  a  mode  number  n  corresponding  to  tbe 
number  of  full  waves  around  the  perimeter  of  the  ring, 
we  Identify  modes  and  E,M*  fur  the  ring. 


Figure  3  Sapphire  ring  construction  showing  dlrec 
clonal  axis  identification  at  ring  perimeter. 


Following  Harcatlll  we  find  modes  for  the  netnit- 
gu’ar  dielectric  waveguide  as  the  solutions  of 

p5X  *  q9Y  -  1 

where  X  -  (»/a)9  (1  ♦  ?A/*a)‘s  (kj9  •  k,9)M. 
and  Y  -  (s/b)9  (1  *  2A/»n9b)*9  (k,9  -  kj9V«. 
where  A  «  d/2  (<-U#>*. 
k,  -  2en/d, 
n  -  yfi.  G  »  c/f. 

and  a  and  b  are  the  height  and  width  of  the  ring  cross 
section,  e  Is  the  speed  of  light  and  f  the  microwave 
frequency. 

F^pllcltly  accounting  for  the  ring  geometry  by 
constraining  the  solution  to  exhibit,  n  full  waves 
around  an  effective  ring  perimeter  t.<r,  we  define 
k*-2en/r.(r,  where  r„,  Is  defined  In  terms  of  the 
Inner  and  outer  ring  radii  as  r0<(9  ••  (r,9  *  r„9)/2 

Decaying  fields  (Imaginary  components  to  the  wave 
vector  k)  are  required  In  the  spaee  Just  outside  the 
dielectric  by  the  wave  equation  due  to  the  large  value 
of  k t  allowed  by  the  dielectric.  A  lover  limit  to 
the  decay  rate  la  obtained  by  identifying  the  decay 
length  14  aa 

14  -  (k#9  -  2*/Al#‘ 

Assuming  that  the  gap  la  much  smaller  than  the  radius, 
we  Identify  the  Q  enhancement  factor  as  the  square  of 
the  field  decay  to  the  metallic  wall  a  distance  1M(, 
away, 

Q  ratio  -  expt2xl44f/l4». 

We  have  calculated  modes  for  a  solid  cylinder  5  cm  In 
diameter  and  5  cm  long.  Identifying  parameters 

r,  -  0,  r,  »  2.1  em.  r,,,,  -  1  cm.  a  -  2  cm.  and  b  -  r, 
•  r,  -  2.4  cm. 

and  for  tbe  ring  In  Fig.  1  with  parameters  given  hv. 
r,  -  1.5em,  r.  -  2.5  cm.  r,,,,  -  l  cm,  a  -  1  cm.  and  b 
«  r„  •  r,  -  1  cm. 


Figure  it  Calculated  mode  frequencies  and  Q  enhance¬ 
ment  factor  (see  text)  for  a  dielectric  sapphire 
cylinder  5  co  diameter.  5  cm  high  surrounded  by  a 
lossy  shield  1  cm  from  the  surface 
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Figure  ’*  Calculated  mode  frequencies  and  1}  enhance¬ 
ment  factor  for  the  ring  shown  In  Fig,  1  surrounded  by 
a  lossy  shield  l  cm  from  the  surface. 


Hie  results  of  these  calculations  are  shewn  In  Figures 
<4  and  5.  The  predictions  shown  In  Fig.  «•  are  In 
excellent  qualitative  agreement  with  the  results  ol 
our  measurements  on  the  cylinder,  confining  the 
validity  of  our  approach  The  efficacy  of  the  ring 
geometry  In  reducing  node  density  la  dramatically 
shown  In  a  comparison  of  the  two  figures.  The  aetual 
number  of  modes  Is  larger  than  the  number  shown 
because  modes  with  poor  or  no  Isolation  are  not  shown. 
The  calculations  found  19#  modes  below  0  ells  for  the 
cylinder  and  CO  for  the  ring.  These  modes  are  all 
doublv  degenerate,  a  fact  which  was  noted  for  many  of 
them  during  the  measurement  process.  Typical  splitting 
of  the  modes  was  observed  to  he  10'4  ro  10’*  fraction* 
al  frequency  deviation. 

An  Inherent  problem  In  the  use  of  these  resonators  In 
active  oscillators,  and  an  Important  reason  for 
choosing  the  ring  for  further  study  Is  that  the 
coupling  of  any  mode  to  the  external  -lr. cronies  will 
tend  to  scale  In  direct  proportion  to  the  coupling  to 
the  wall.  Tills  means  that,  even  though  two  modes  may 
have  very  different  l/‘ s.  If  they  are  near  to  each 
other  In  frequency,  mode  selection  mav  very  well  he  a 
difficult  problem.  For  example.  If  one  uf  the  modes  Is 
critically  coupled  to  the  active  electronic  elements, 
the  other  Is  llkelv  ro  he  nearlv  critically  coupled  as 
well 
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Figure  6  shows  results  of  measurements  of  the  Q  uf  two 
of  the  modes  of  the  *>  cm  by  i  cm  cylinder  for  tempera* 
cures  below  t7  Kelvin.  Also  plotted  are  higher 
temperature  results  reported  by  Braginsky  et  al*.  Good 
agreement  is  found  with  the  results  uf  these  higher 
temperature  data,  confirming  chat  these  losses  are 
Inherent  in  Che  sapphire  Itself,  and  nut  due  to 
impurities,  surface  treatment,  etc.  The  leveling  off 
of  the  loss  reduction  at  about  10"*  is  characteristic 
of  the  results  reported  by  others  and  is  probably  due 
to  impurities.  Thu  further  Q  Improvement  at  the 
lowest  temperatures  is  also  typical,  with  the  lowest 
point  being  marglnallv  better  than  any  others  reported 
to  date. 


Figure  6  Q  measurements  for  a  sapphire  cylinder  9  cm 
diameter.  S  cm  high  contained  In  a  lead*plated 
shielding  can  approximately  1  cm  avav.  Also  shown  are 
hlgher*temperature  data  by  Braginsky,  et  al.  irefer* 
ence  21. 


A  consideration  for  resonator  design  la  the  require* 
ment  for  surface  finish  and  dimensional  uniformity  for 
the  shaped  dlelecrrlc  cavity.  Braginsky,  et  al,  iref. 
2,  p.  B/>  have  used  methods  developed  for  optical 
fibers  to  estimate  the  losses  caused  bv  scattering 
from  surface  roughness.  They  find  that,  for  a  resona¬ 
tor  of  centimeter  dimensions,  roughness  of  J  micron 
characteristic  height  will  cause  losses  of  order 
IW’10  Although  this  small  value  Is  smaller  than  anv 
losses  measured  so  far.  the  resonator  used  In  the 
measurements  reported  here  was  fabricated  with  an 
optical  quality  polish  on  all  surfaces  to  assure  no 
loss  contributions  from  this  source  Precautions, 
such  as  add  etch,  and  purified  alcohol  rinse,  were 
taken  to  assure  chat  no  foreign  material  adhered  to 
the  surface. 
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Figure  7  Phase  noise  for  various  X-bsnd  sources 
Including  conventional  DR9  and  cavity  oselllacora,  a 
state-of-the-art  quarts  crystal  oscillator  re.ferer.eed 
to  lOClIs.  and  predictions  for  several  sapphire  DRO’s, 


PilDICTIOltt  Of  OSCILLATOR  KOISE  mrORHARCE 

The  reduction  <n  phase  noise  over  that  In  conventional 
D«a  and  cavity  oscillators  which  would  result  fro*  the 
high  Q  of  a  cooled  sapphire  resonator  are  shown  In 
Fig.  7.  Q’g  of  10.000  and  10,000  are  assumed  for  the 
conventional  oscillators,  respectively,  and  values 
from  Figure  6  for  the  sapphire  DR9*s.  Also  shown  Is  a 
further  reduction  which  would  result  frost  the  applies* 
tlon  of  ruby  stater  technology  to  sueh  oscillators. 

Multiplicative  1/f  noise  5,(0  In  the  active  device  Is 
assumed  to  be  -lODdbe/f  (/lit).5,  *UOdbi'/f</lls)  for  the 
eurves  Indicating  maser  excitation.  Tills  latter  value 
corresponds  an  upper  little  obtained  in  tests  of  a 
lov-t)  S*band  ruby  MASER  oscillator, *  a  value  substan¬ 
tially  quieter  than  that  reported  for  any  other  active 
tslcrowave  devlee.  It  has  been  well  documented  that 
multiplicative  l/f  noise  In  sesilconductlng  devices  can 
be  reduced  by  operating  devices  in  para! let  or, 
similarly,  by  large  gate  dimensions.  Thus  It  seems 
likely  thsc  the  low  l/f  noise  In  the  ruby  is  due  to 
Its  very  large  volume  (*1  cm’).  Ruby  MASERS  have  been 
operated  at  temperatures  as  high  as  9M  Kelvin  and  at 
frequencies  up  to  42  Clls*.  Their  application  to  low 
noise  oscillators  could  open  a  new  window  in  low  noise 
oscillator  capability. 
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SUMMARY 


frequency  multipl Icatlon  In  th*  microwave  and 
millimeter-wav*  rang*  can  b«  p«rfora«d  In  coapact  fora 
using  haraonlc  phas*  detectors,  in  which  Lh*  VCO  phas* 
It  directly  coapartd  to  a  aultlp) t  of  th*  reference 
frequency  Internally  generated  in  th*  saa*  device.  In 
this  paper  w*  present  a  x3  P.L.L.  frequency 
aulllpllcr  following  this  technique  that  phase-locks  a 
27  Cfe  Cur.n  diode  VCO  to  a  9  Cfe  reference,  in  a 
staple  and  coapact  arrangement.  The  Cunn  diode 
frequency  Is  controlled  via  th«  voltage  applied  to  It. 
Th*  phase  detector  used  Is  a  balanced  aixer, 
(apleaented  with  a  90*  aicrostrip  hybrid  ring  and 
Schottky  diodes,  and  designed  at  th*  9  Gfe  reference 
frequency.  This  systea  can  be  eaployed  through  th* 
microwave  and  ml lllweter-wav*  ranges  to  obtain  low 
order  odd* Index  frequency  aultlpl (cations. 


INTRODUCTION 


Th*  expansion  of  satellite  coaaunlcatlon  sysleas 
deaands  for  receivers  with  good  sensitivity  and 
dynaalc  range.  This  often  requires  designs  Involving 
coherent  detection  and  the  us*  of  local  oscillators 
with  high  spectral  purity  /l/. 

Th*  design  of  low  phase  noise  oscillators  In  the 
alcrowave  and  allllaeter-wav*  rang*  is  usually 
implemented  by  phase-locklno  a  Voltage  Controlled 
Oscillator  (VCO)  to  a  spectrally  pure  reference  signal 
(Indirect  synthesis  by  phase  locked  loops)  /2/  /3/. 
This  technique  often  calls  for  frequency  multipliers, 
where  the  locked  oscillator  frequency  Is  a  certain 
aultlple  of  a  aore  stable  frequency,  and  the  phase 
detection  is  aade  at  lower  frequency  after  down- 
converting  the  VCO's  high  frequency  by  weans  of  a 
haraonlc  wlxer  or  regenerative  frequency  dividers  /4/. 

Indirect  frequency  aultlpl icatlon  by  swell  odd 
multiples  can  be  performed  In  a  very  compact  wanner 
using  harmonic  phase  comparators,  in  which  the  phase 
of  the  VCO  Is  directly  compared  to  the  multiple  of  the 
reference  frequency  generated  internally  In  the  same 
dev’. -i  /5/  (Figure  I). 


In  this  paper  w«  present  a  x3  P.L.L.  frequency 
wultlpller  following  this  technique  which  allows  to 
phase-lock  a  27  Cfe  VCO  to  a  9  Cfe  reference,  In  a 
staple  and  compact  arrangement. 


THEORY  OF  THE  HARMONIC  PHASE  DETECTOR  US  INC 
A~jB0*"HflAl6  RlNfi  ' — “ - 


The  phas*  detector  function  can  be  performed  by  a 
balanced  mixer  with  DC  coupled  IF  port.  In  th* 
microwave  rang*  this  Is  usually  Implemented  with  a 
aicrostrip  90*  or  180*  hybrid  and  Schottky  diodes. 
(Figure  2). 


egiCKTc’s 

9Cfe 


Fig.  2  -  Block  diagram  of  x3  (9  to  27  Gfe)  PLL  freqion- 
ey  aultlpl  fer,  with  a  atcrostrfc  hybrid  structure  as 
phas*  detector. 


This  structure  has  th*  property  of  behaving  as  a 
hybrid  at  odd  multiples  of  the  freouency  at  which  th* 
lengths  of  th*  lines  connecting  the  ports  are  X/4. 
Although  a  bandwidth  reduction  and  a  certain 
degradation  of  the  hybrid  are  Involved,  they  do  not 
affect  the  harmonic  phas*  detection  ability. 

As  a  result,  a  phase  detector  realized  with  a 
balanced  structure  using  a  180*  hybrid  ring  (or 
equivalent)  can  be  used  to  perform  a  frequency 
sultlpl icatlon  by  an  odd  factor  in  a  set-up  like  that 
sketched  in  Figure  1. 


EXPERIMENTAL  RESULTS 


Fig.  1  -  Block  diagram  of  small  odd  multiples  P.L.L. 
frequency  multiplier  using  harmonic  phase  detector. 


A  x3  frequency  multiplier  between  9  and  27  Gfe 
using  a  harmonic  phase  detector  following  the  set-up 
of  Figure  2  has  been  built.  It  is  part  of  a  coherent 
receiving  systea  designed  for  the  propagation 
experiments  on  the  12,  20  and  30  GHz  beacons  on  board 
of  the  European  Space  Agency  Olympus  Satellite,  to  be 
launched  by  1988.  The  27  GHz  output  is  employed  as 
local  oscillator  for  the  first  mixer  in  the  30  GHz 
channel  chain. 
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The  phase  detector  uses  a  microstrip  hybrid 
structure  11k*  that  shown  In  Figure  2  made  In  0.01* 
Cu-clad  217  and  daslgnad  at  the  9  GHz  fundamental 
frequency.  A  pair  of  AsCa  Schottky  diodes  fr,  a  T- 
packagt  provide  for  the  nonlinear  function. 

The  27  GHz  VCO  consists  of  a  cavity  mounted  Cunn 
diode.  The  frequency  is  controlled  by  varying  the 
diode  bias  voltage.  Figure  3a  shows  the  VCO  frequency 
increment  referred  to  27.03  GHz  versus  the  d.c.  bias 
voltage  and  Figure  3b  shows  the  ripple  in  the  VCO 
output  power  level. 
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Fig.  3  -  27.03  GHz  Y.C.O.  a)  Frequency  increment  versus 
bias  voltage,  b)  Output  power  level  versusbias  voltage. 


The  set-up  employed  for  the  characterization  of 
the  harmonic  phase  detector  is  sketched  in  Figure  a. 
The  OC  output  voltage  of  the  harmonic  phase  detector 
was  recorded  versus  the  phase  shift  introduced  on  the 
9  GHz  port  (Figure  5).  For  a  9  GHz  power  of  -2  dBm 
and  a  27  GHz  power  of  0  dBm  the  harmonic  phase 
detector  slope  was  2.65  mV/*. 

The  return  loss  at  the  phase  detector  9  GHz  port 
when  it  was  pumped  with  a  +4  dBm  27  GHz  signal  has 
also  been  measured  (Figure  6).  The  isolation  obtained 
between  both  ports  is  shown  in  Figure  7. 

Figure  8  shows  the  improvement  of  the  27  GHz 
oscillator  spectral  purity  when  locked  using  this 
technique  to  a  more  stable  9  GHz  frequency.  The 
P.L.L  noise  bandwidth  is  2!  KHz,  with  a  damping 
coefficient  of  1.14  and  a  5  KHz  loop  filter  resonance 
frequency.  The  hold-in  range  is  6  MHz. 
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Fig.  4  -  Harmonic  phase  detector  characterization 
set-up. 
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Fig.  S  -  Harmonic  phase  detector  D.C.  output  voltage , 
versus  9  GHz  port  phase  Shift. 


Fig.  6  -  Haraon  ie  phase  detector  return  loss  measured 
at  the  9  GHz  port. 


conclusions 


A  very  compact  x3  frequency  multiplier  from  9  to 
27  GHz  has  been  presented.  It  is  based  on  P.L.l. 
techniques  with  harmonic  phase  detection  that  can  be 
employed  through  the  microwave  and  millimeter-wave 
ranges  to  obtain  low  order  odd-index  frequency 
multiplications. 
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Id  the  coherent  receiver  final  configuration,  the 
9  6Hz  frequency  will  be  generated  by  a  fCT  VCO,  Itself 
ultimately  Ixkao  to  a  5  HHz  quartz  standard,  tba 
quartz  oscillator  stability  being  transfarrad  in  this 
way  to  tha  27  CHz  VCO. 
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frequency  IGHzl 


fig.  7  -  Hanson  fc  (hast  detector  isolation  betwetn 
r*rts,  Measured  at  9  CHz. 


(a)  (b) 

Fig.  8  .-  27  CHz  V.C.O.  spectrum.  a)  Free  running,  b)  locked.  (Hot «  the  difference  in  frequency 
span  and  resolution  bandwidth  between  a)  and  b)). 
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uama 

M  Vgonpun  a  presented  ter  Pm  easewtsion  ot  Pm  spectrum  cl  tfeeet 
d-g.t4l  tt+tf&ocf  *ynP4Sii#rS  {OOFS'*}  M  a  MSuf 5  «l  phase  accumulator 
buncabon  Thi*  algorithm,  wh»Ch  U  derived  USing  number  Pl-Oret-C 
rseSOd*.  a  ck>s-d  lews  #»pr*sa«n  rowing  Pm  magndude.  number. 

M  poison  d  rvj  *p g»««*  n vse  wes  w  me  output  spectrum  el  a  OOFS  to 
pm  rsad-enty  memory  (ROM)  seek-we  lav*  me  amount  el  phase 
accumulator  nuf«w  and  Pm  input  bsgueney  control  command,  The 
eem&ned  fed*  wont  fengm  stfees  el  urn  now  and  pic  Oigrbu-wAnaieg 
converter  {OACI  nonfe*****  am  a!*o  eismmed  w  m*  tght  el  me**  (w 
resub*  a nd  new  design  gvsfefee*  am  developed,  Tim  spectrum*  precede 
by  urns*  cfcied  term  eiprssvons  v*  compved  agsmst  spectrum* 
generated  by  a  ddcr^e  Fourier  transform  {OFT}  a <“4  vs  shown  jo  have 
comparabfe  accuracy 

A*  a  mien  el  obtammg  an  eipression  tor  Pm  magnitude  el  Pis  spunou* 
nod*  bsquencM*.  a  rn'aw..;^  between  Pis  gmamii  eomw  d.vrfor  el 
pm  input  be^ve^y  command  word  and  Pm  ROM  worn  «e.  P's  phase 
accumulator  mi  wngm*.  and  pm  magnitude  el  Pm  worst  ease  s;w  tt 
obea*md,  Tam  muaoMNp  <t  used  m  »m  baw  tv  a  newt  medication  to 
pm  cenvensenat  phase  accumvUw  structure  wj*h  resvfc*  in  a  3  R2d8 
reduction  m  urn  magnitude  el  Pm  »e?a!  case  spurious  response  Ti*s 
hardware  moddcaaon  k  afco  sha*n  to  average  owl  Pm  error  s«sc*  el  OAC 
renSneantm*  and  rourwoS tn  ?m  stored  wm  ROM  tamps**, 


cv»y« 

IWMTMcS  KM 

Ci***tfL  *re«t«  _ k.  toss-up 

*  ctNswta*  — w  TMHC 
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Fkjvir*  1.  SbnpMedMockdUgramsta  OOf*. 

The  generaSon  el  Pm  ceruiAnsy  mceasing  phas*  vgvmeni  to  Pm  ROM 
ti  Mc«na?y  implemented  by  aeevmi^aing  a  onajy  b^wfley  cenpo)  we«J 
ut«vj  s  nafttfaiO  me'*  eentUswmM  audsi  ano  rogtsm*  as  m  Figvs  7 
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F1ggro2.  OoM  o(  plmas  accumuMof  oponbon. 


Mcosm  cowngmeaMfl  »yi:s«m  vs  pacing  inasajjng  C^mne*  cn  Pm 
(tioV-mn  ane  banomPi  el  boetmney  jjaamwii  »uWr*mmi  Sjwsvi 
apscuuo  appEcaw*  wpeis  vt  sipsnmv  *ps»gs«  *s»  el  epsoSca’-mn*  on 
a  tmeusney  sy«9m«s»  »ft<h  m«ia<ss  pm  acf»svs«m«  el  «»«somty  U« 
I«n9ch<ng  errni  over  a  urtJs  oanp«rttf?i  w  a  Oo^jr  Psd  to  ccmpad.  fsiabm 
vm  sa*Jy  «»p/o<Jue3»m;i}  m  wes«  «o  nrnsj  Pmts  d.riWavj 
many  osi-gasu  ws  t»p»w^  p.s  u«a  el  Pm  dss «  tf-g.al  app»each  to 
bseusney  tynPmtm  si  an  sUscbvs  aSsma:<vs  la  convmvcnal  ana:*} 
*ywhsna*»*  Oss«  tf-^iai  t»*^«sney  aynamwa «*  {OOF-*)  siW*)  tan 
iwx’ws  tpssd,  s»e*tmn»  mppsfaM*  and  agssig  i;a6m.*y.  and  Pm  assiy 
to  switch  bscysnoss  wtw’s  cenatant  phass.  wfveh  vs  a3 

pfcpsitm*  <Wf<u*t  to  achmvs  wsh  ana-iog  sschn^osa 

Tfts  moil  poputat  tschn^v*  fo#  dsset  d^j*tal  bseveney  synpmia  tt  urn 
tins  look-up  taWs  (ftsthed  feat  toboducsd  by  Tmtimy.  Radst.  and  Cokj^J 
Tht*  mcpied.  wluch  a  ws3  dsactkisd  w  ms  itsiatuts.  trnpms>:ti  a 
amswavs  by  *uee***i»s  V  acannog  pyough  a  leek-up  laws  *»tsd  w  a  tsad 
oniy-nmmofy  {ROM}  and  convsttmg  pm  wcaSsd  wrn  tamptss  to  an  anakg 
wavslvm  via  a  dgiau-to  anamg  cenvsttst  (OAC)  A*  shown  m  Tigum  t. 
en«  aampts  ol  Pm  *mewavs  is  tscaisd  bem  ms  ROM  svsty  psood  cl  ms 
stavs  bseusney  tslstsncs  Each  el  Pmss  tsca^sd  aampma  (fefett  bom  pm 
pfsviou*  ons  by  a  co«v.ant  phass  ineismsnt;  Pig*  ddlsfsM  bsqusncmi  may 
bo  aynPist<rsd  by  changing  Pm  phase  dihstsncs  bsiwssn  ms  tsealsd 
t  amp’s*  va  a  d'gcal  bsgusney  conuct  command. 


U*mg  Pva  vtwscvs.  both  Pm  bsgusney  and  phase  isjeiytcn  el  Pm 
synpm*iis»  am  uststmmsd  by  ths  weidsngm  ol  ms  phaas  accumufatw 
r«  men  appScaSons,  a  pnais  accumyc xct  we-»dmfigm  «n  sitsja  ol  32  Wa 
•*  tseubsd  to  achrnv*  accsptabm  itMfeWi  Ths  was  el  aa  22  W»  el  ths 
phass  aecumytatw  wvemngm  to  aditsss  &}  stvsd  ws  samptss  weu’4 
tsguss  a  p«h<««sfy  tvgs  ROM.  »vsn  il  pm  puvts»  wavs  symmsby  and 
cewss-bns  Wiganonmbic  tsduchon*  vs  appisd  to  redoes  m*  swags 
ThstsWs.  in  aevai  prxbcs.  aa  ws  OOFS’*  rsgv> nng  fern  phass  r«;pk.von 
Poftcats  pan  ol  Pm  phase  aecumoaw  output  when  vM.*s**>ng  pm  ROM 

The  eKsCbv*  imprnmentatjon  lock  up  taVe  based  ODFS’s  has  been 
stnoutv  hawpetsd  by  Pm  lack  ot  a  precise  mevetcai  chvaew>ja:-en  ol 
me  finite  werdiengm  ellscts  due  to  phase  aecumufatw  trwncaton  To 
Cvsbate  Pus  probiem.  pose  ddisrsni  output  speemums  vs  detected  tn 
F>guf«s3  tmeugh  5  showing  the  spunous  response  dus  to  phase 
sceumyeaw  truncahon  lor  several  distent  output  beguencie*  The  three 
cases  shown  v#  me  resu-’ts  el  a  haidwve  s-mu4’.ion  cl  a  OOFS  with  a 
phase  accumulator  word  length  cl  12  tats  and  a  ROM  address  length  el  5 
lata  corresponding  to  me  phase  truncation  ol  me  7  mast  sign-ficant  bis  el  me 
phase  register  These  spectrums  were  generated  by  a  discrete  Fourier 
transform  (OFT)  cl  ms  numeric  output  ot  a  hardware  jvnuaton  cl  Pm  «ag-ta» 
»g«.  and  mus  show  onty  me  response  due  to  vgonthrmc  norv.nev.t.es 
inherent  in  'he  system  They  the  re  tare  reprssert  me  test  ease  attaeab’e 
grron  vs  VteaT  OAC 


Figure  3.  Figure*.  Figures. 
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Figure  3  she »n  we  output  spectrum  when  we  synthesiser  is  tuned  W  « 
frequency  ol  .1**#  bme*  We  e*«<fc  frequency.  F,*,  in  eon  van.  Figure  4 
shown  me  output  spectrum  la  the  neit  higher  frequency  resolvable  by  We 
synthesiser,  .1W2  F,„..  It  is  evident  bom  comparing  |h*  spectrum*  in 
f^ur*  3  lo  Fig  urn  4  mat  a  change  to  me  synthesiser's  output  frequency  ot 
O rtf  .12%.  INi  smalesl  frequency  Change  resolvable  by  this  *|ijn.  resufr* 
in  a  completely  different  spurious  response  The  thi/d  plot  m  Figure  S 
shows  a  change  ot  only  1 1%  (4  tines  t?o  smallest  resolvable  frequency 
coherence)  snd  y*t  WspUys  another  responds  totally  different  bom  We  frr*l 
two,  "IN  dramafrc  change  in  We  cK***c5et  ot  We  teiponse  lot  ah  Wte* 
cams  demonstrates  we  importance  ot  being  aWe  to  eipSdtfy  describe  we 
response  ot a  OOFS  id  any  combination  ot  output  frequency.  nOM  storage 
capacity.  and  phase  accumulator  length, 

tL.mu.sis 

The  operation  ot  aa  wr*u  digital  frequency  iynWe*«»f*  Wat  uso  some 
variation  ot  we  Icek-up  tabf*  technique  can  be  anatysed  mathematicASy 
trtmg  we  model  shown  in  Figure  *.  Although  many  tech/uquei  «iist  tot 
pjttotming  the  tvnefronat  mapping  bom  phase  to  *me,  {1*,  Tayto t  series. 
POM  look-up,  eoutso.’bnd  segmentaSon  into  mu&pie  ROW*)  the  toBowing 
model  *  vMd  tor  as  m»as  is  nctpossetding  feedback  ot  memory 
oma  t  man  p-peWv#  registers. 


tUKtCMt 
mtttt&d 

«N  *» 

*-(^J 

«P*  «» 

W  «  Word  length  ot  phase  accumulator  output 

iq  now. 

I  «  length  to  bits  ot  phase  aocumuiAtot  register  worn. 

0  a  Wotd  length  ot  sine  VAtues  stotad  tn  lock-up  tas>!a, 

F,  a  Frequency  control  word. 

Figure  *,  Sourcoe  W  noise  In  DOFS's 

Containad  wittwt  su*  modal  ata  three  soutcat  ot  distortion.  7 ha  last 
soutca.  C/m,  is  due  to  we  OAC  conversion  noiaa  at  tha  output  Tha  sacond, 
Cr.  is  due  to  we  frrvte  wcretengW  ot  me  sma  sampias  stotad  in  tha  ROM, 
and  tha  third.  Gr.  is  dua  to  tha  truncation  ot  phtsa  accumulator  bits 
adotassing  tha  ROM,  Tha  most  important  ot  these  finite  wonPangth  abacs 
ts  tha  truncation  ot  phata  accumulator  bits  Thara  ata  savatal  raaions  tor 
W*  Fast,  in  ordar  to  rvnimsa  ROM  ssoraga  requirements.  ona  woufrf  the  to 
truncate  as  many  ot  tha  phata  bits  as  po*s.b*e  without  incurring  too  much 
spurious  ditto* son  In  addition,  tha  spurious  response  dva  to  Cr  «"d  C/m 
can  ba  ccntreBad  by  tha  datgnar  wi-n  lass  ot  a  hardwara  panafty.  tinea  tha 
hardwara  comp«*»L7 1*  a  tnev  function  ot  tha  worutangth  ot  both  tha  ROM 
output  and  OAC  output.  wh«W  •*  it  an  aiponantial  function  ot  th«  ROW 
Hdrawtangdv  Fnaiy.  (ha  char»cta<vaUon  ot  tha  spurious  rasponta  doa  to 
phata  truncation  is  important  bacausa  it  tm-ohras  a  dataJad  analysis  oi  tha 
intarachon  ot  tha  phata  accumulator  output  saquanca  and  Us  propartias 
ondar  gyano/abon.  wh<h  one#  undarttood.  yiaids  insight  into  tha  spurious 
rasponta  dua  to  ad  fcmta  wordtangth  abacts  in  tha  OOFS. 

Gbons  hava  baan  mada  to  charactarua  tha  aKacis  ot  phasa  accumulator 
truncation  using  statisticat  mathods  Thasa  typas  ot  analysas  hava  tha 
drawback  that  ratuttt  ara  only  obuinad  tor  tna  avaraga  spur  artargy  ratnar 
than  tor  tha  magnituda  ot  tha  worst  casa  spur  Furthatmora,  a  stochastic 
analysis  fiVas  no  information  about  tha  raiatwa  distribution  ot  larga  spurs  in 
tha  output  spactrum  This  infornta'Jon  is  aibamaty  important  bacausa  soma 
combinations  ot  ROM  tabta  sea.  phasa  accumulator  word  langlh,  and 
baquancy  control  ragistat  contants  rasutt  in  worst  casa  spurs  occurring  vary 
ciosa  to  tha  dasirad  ou’^ju'.  baquancy. 

Tha  davatepmant  ot  tha  algorithm  (ot  tha  garvaration  ot  tha  spurious 
spactrum  ot  a  OOFS  w>3  ba  dividad  into  thraa  sactions  Fust,  coma 
obsarvations  ara  mada  on  tha  bahaver  ot  tha  phasa  cccumuiaior.  Than,  an 
algorithm  is  davatopad  lor  tha  datarmmation  ot  tha  spactrum  ot  tha  phasa 
arror  saquanca  Finally,  tha  analysis  tachniquas  and  rasults  galnad  tr»n 
ganarating  tha  spactrum  ot  tha  phasa  arror  ara  apptiad  to  davdop  an 
algorithm  tor  tha  ganaration  ot  tha  spactrum  ot  tha  OOFS  dua  to  phasa 
truncation. 

phase  accumulator  Operation 

Tha  bahavior  ot  tha  spurious  spactrum  a  OOFS  tor  dibaranl  vatuas  ot  tha 
baquancy  control  word,  Ft,  is  fntrinsicatly  linkad  lo  tha  numarical  propartias 
of  tha  phasa  accumulator.  For  this  raason,  wa  wilt  bagin  tha  analysis  ot  tha 
DOFS  spacbal  rasponsa  with  a  dasenpbon  ot  phasa  accumulator  operation. 


Tha  phasa  accumulator  oparatos  on  tha  principle  ot  ovathow  anthmatie. 
using  tha  modulo  2L  propaity  ot  an  L  bit  p«riod<aity  evaitiowmg 
accumulator  register  to  simulate  the  moduto  2s  property  ot  the  ime  tunebon 
by  eipfoibng  the  relationship 


where  represents  taking  tha  mtager  residue  ot  a  number  modulo  21 
Tha  phata  accumulator  thus  acts  as  a  digital  integrator  tor-owed  by  a 
moduto  2t  operator  Tha  btqoeney  ot  tha  output  ot  the  OOFS  is  rotated  to 
tha  bnary  beqoeney  control  word  by  the  relationship 

AOW 

fcii  At  Ft  F,%  ... 

F««  y  — y~~  *  ~  (*) 

Due  to  tha  discraWilime  nature  ot  tha  system,  vatuas  of  F,  larger  man  2*-t 
w4  resuh  in  an  a*ased  output  frequency  equal  to  Ft*  •  F,.  Thus  there  are 
2L*2  tfscreie  output  bequendes  that  can  ba  generated,  each  corresponding 
to  a  unique  vakia  ot  Ff  less  wan  2°’ 

The  phase  sequence  b(n)  generated  by  the  phase  accumulator  can  be 
represented  as  We  samples  ot  an  Wealed  saw»oth  waveform,  where,  after 
normakiing  with  F,fc»t.  We  slope  of  We  sawtooth  ts  gn-en  be 

iM.F,  P) 

SM 

One  concept  Wat  is  key  to  the  theoretical  understanding  ot  phase 
accumulator  operation  is  we  relationship  between  We  yeriod  ot  We 
ideaksed  continuous  ume  waveform  and  the  period  ot  the  discrete  ten* 
phase  accumulator  output  sequence.  As  shown  tn  Figure  7.  We  phase 
accumutawr  outputs  we  sample  ot  a  hypothetical  contnuoos  time  sawtooth 
-avetorm  ot  amptitude  2L  and  period  2L/F,,  Since  We  sue  (unction  is 
computed  trom  we  phase  sequence  using  combinational  logic  without 
tee^uK*.  We  period  ot  We  synthesised  anakig  swewave  at  U*  output  ot  We 
OAC  Is  also  2wF,.  The  numerical  period  ot  W#  phase  accumulator  output 
sequence  o  Jef-ned  as  the  minimum  value  ot  N  tor  which  0(n)  a  e(n*M)  tor 
ail  n.  In  general.  We  numeric  period  ot  We  phase  accumulator  sequence  Is 
given  by  2V(F„2b) .  where  (F„2M  represents  We  greatest  common  divisor  ot 
F(  and  2b  Thus  (tie  period  of  We  sampled  sawtooth  win  equal  we  period  ot 
We  idealised  continuous  time  sawtooth  only  lor  the  special  case  ot 
F,  a  (F„2b),  when  F,  ts  purely  a  power  ot  two  This  behavior  is 
Stusuated  lor  the  case  ol  Lai  and  F,al7  in  Figure  7  In  Wis  figure  it  is 
evident  Wat  the  normatlstd  output  frequency  ot  the  continuous-lime 
sawtooth  wave  is  2bfF,  a  17/14  *  .2SM3,  resulting  in  a  period  ol 
14/17  a  3,7147.  In  contrast,  however.  We  period  ot  the  numerical 
sequence  ot  samples  ot  Wts  waveform  is  14/(17,14)  a  14.  The  most 
important  consequence  ol  this  phenomenon  is  that  We  numerical  period  ol 
We  sequence  ot  samples  recalled  from  the  sme  ROM  will  have  the  same 
value  as  We  numerical  period  of  the  sequence  generated  by  the  phase 
accumulator  Therefore.  We  spectrum  ol  the  output  waveform  of  We  OOFS 
prior  to  digital  to-analog  conversion  is  characterised  by  a  discrete  spectrum 
consisting  of  2b/(F„2b)  points. 


In  We  ideal  case  ol  infinite  precision  In  the  look-up  table  word  length  and 
no  phase  quantisation,  the  output  sequence  of  a  DDFS  is  given  by 

S{n)  *  s!f.(2sjjn)  (4) 


496 


wh»ch  yields  IN  sampled  ot  *  s^nuscd  el  heqvsney  F/H-  w*  new 
consider  ihe  operation  pf  «  OOFS  to  which  the  output  o!  toe  phase 
accumulator  K  quantired  to  W  b»  by  truncation.  U rie»  to4  eandiWn, 
where  we  define  i  to  b<  me  number  ot  b>'4  iru* cased  such  Pat  l » W  ■  i. 
toe  output  sequence  otPt*  OOFS  «gv»n  by 

*■<«)  -  •ImragJJn])  (5) 

whet*  the  operator  t }  repr  esanst  truncation  to  mteg «r  values  Cquafion  IS] 
can  ahetnaweiy  be  eipr  eased  a* 

t^.alntj^n-fH-)))  («) 

wheie  £h«)  represents  the  phase  error  sequence,  Tfvs  phase  error 
sequence  can  be  modeled  as  Pie  sampled  value*  ot  a  conitouevS'tim# 
sawiooffi  waveform  which  wi!  be  leteired  to  as  C/CH.  The  amp-tod*  ot  the 
sawioePi  wavetorm.  CHt.to  2*.  and  p>e  frequency  t*  ty2«  as  e«empWed  to 
Figure!, 


fi*t 


Figure  1  Phase  accumUetor  error  sequence 


pie  correcting  wavetorm  two  inyctttnt  proper)**  first,  that  puis**  a?e  onty 
sampled  at  the  rrvdpomt  ot  Pie  pulse,  and  second,  thai  me  only  pu-’ses 
sampled  ate  those  whose  centers  tie  # reefy  on  pte  tftsconw»«cy  ot  Pm 
sawtooth. 


puuctiuMro*  a.)  r,»j 


Figure  10. 

The  Fourier  series  tor  EH t)  can  now  be  uprested  an  me  sum  ot  the 
individual  Foutiei  seties  tot  me  ‘Osichiet  sawtooth*  and  me  pulse  train 
waveforms  mat  were  depicted  to  F<gm*  9  this  representation  «s  given  m 
equation  {7)  where  the  sawtooth  waveform  is  represented  as  a  pure  Sine 
senes  and  me  pulse  pain  as  a  pure  cosme  sene*  (ignoring  the  0  C  term), 
hi  me  term  containing  me  cosme  series  the  substitution  ,\  *  i*U(l*,F,)  r* 
introduced,  whet*  is  equal  to  one  halt  the  tocprocal  ot  thj  pulse  Pam  duty 
cycle. 


W 


This  sawtooth  wavetorm  Is  Identical  to  the  waveform  that  would  be 
generated  by  a  phase  accumulator  ot  word  length  •  with  a  input  frequency 
control  command  ot  (F,)^, 

In  order  to  characterise  Pie  spedrsl  proper)'**  ot  the  error  sequence. 
EH"),  pie  Fourier  series  mutt  be  obtained  (ot  the  Idealised  coniinuous  iime 
representation  ot  Ih#  error  wavetorm  EH1).  Unfortunately  pic  sawlooih 
wavetorm  defined  above  is  specified  to  have  a  value  ot  sera  at  Ih* 
discontinuity  which  It  in  violation  ot  the  required  Oiriehlel  conditions  tor  a 
Fourier  representation.  Dirichiet  conditions  require  mat  a  function  lake  on  Its 
average  value  at  a  point  ot  discontinuity,  which  In  mis  case  is  2*/2. 

Therefore,  in  order  to  repre cent  the  phare  error  as  a  Fourier  series.  Pi* 
error  waveform  must  be  mispressed  as  ih*  supetposilicn  ot  an  ideal 
•Dirichiet*  sawtooth  and  a  correcting  wavetorm.  such  that  the  both 
waveforms  satisfy  Oirichtet  conditions  and  such  lhat  Pie  sampled  value*  ol 
the  superposition  ot  the  two  waveforms  equals  the  actual  error  sequence, 

EH")' 

SAWTOOTH:  8*2  lj*3  frequency*^ 

PULSE  TRAIN:  8*2  Ff*3  frequency *3/4  poise  width«1/3 

*  -  JANUlti  OF  WStCHUr  SAWTOOtH 


The  correcting  waveform  that  is  added  to  the  Dirichiet  sawtooth  to  make 
the  sampled  values  agree  with  the  actual  phasa  error  samples  is  a  puls# 
Pain  of  frequency  F,I2B  with  each  pulse  having  a  width  ol  (2B,Ff)/(2B)  as 
shown  In  Figures  9  and  10.  This  choice  ol  frequency  and  puise-width  gives 


This  Fourier  series  may  be  sampled  at  integer  time  points  to  obtain 

K*"1  K..1 

Because  ot  the  discrete  nature  ot  the  lime  rndei.  the  error  sequence. 
CH»).  will  be  periodic  with  a  period  ot  at  most  2*  It  F,  contains  common 
divisors  with  2*.  the  sequence  wilt  repeat  <v*ry  2*/(F„2B)  samples  This 
periodicity  in  the  time  domain  will  result  in  a  sampled  frequency  domain 
representation  whose  magnitude  contains  only  2*/2(F„2*)  unique  po<n!* 
because  the  magnitude  spectrum  of  a  real  sequence  is  symmetric  about  the 
Fw,  *  0  ails  Therefor*.  A  «  2*/2(F„2*)  as  defined  In  (7)  can  be  interpreted 
as  the  number  ot  unique  spectral  noise  fines  in  the  discrete  magnitude 
spectrum  ol  EHn).  By  eiploliing  pie  tact  that  Pi*  sine  and  cosine  functions 
to  (8)  art  periodic  to  K,  with  period  2*t2(F„2B).  lit*  sine  and  costoe  saner 
can  be  rewritten  as  doubt*  summations,  where  the  inner  summation 
enumerates  the  coefficients  ol  the  sin#  retd  cosine  functions  to  0)  over  one 
period  ot  K*. 

II  we  define  E,^(n)  as  the  sine  series  summation  m  Pie  left  term  ol  (8)  we 
obtain 


2fA-l 

X(K^ 

\K»1 

9-1 


£^*in(2S(K«2Ag&n) 


A-1 


+  X(;KWlnl2*<‘K*2''9^n> 

Kal 

A-1  « 

7^24)  ♦  « 

K*1 


Using  trigonometric  Identities  and  noting  that  F/{F„2B)  Is  always  an 
integer,  and  by  interchanging  the  summations  lot  g  and  K.  equation  (9)  can 
be  simplified  to 

(10) 

A  "\ 

2A 

|  J5T 

9=1  J  J 

K*1  "  '  ' 


A-1 


EiHn) 1 


s.i  j 


kin(2sK|^i) 
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Us^ig  Jei'ey  (3J  (Eqn  7G9)  a« i  noting  mai  me  argument  el  the  summaPuh  k 
veto  at  K  ■  a.  equation  (10)  can  be  rawn"«n  without  loss  o!  generally  as 


A 

£v(«)  ■  5T^(co!§1  »ln(2*K§n))  m 

K»1 

Thus  the  erne  portion  ol  the  phase  error  dofinod  in  (3)  is  expressed  as  a 
numerical  summaien  ol  a  different  ha/momes  ot  me  sampled  swewave 
sln(2sF,n/2»).  with  each  amplitude  determ.ned  by  (be  ccelticent 
C0l(Ka/*2.\), 

Returning  to  the  analysis  ol  Ute  Fourier  senes  for  E-(n)  in  (8).  lei  C,,(n) 
be  defined  as  me  cosine  pan  ot  the  phase  error  sequence  This  sequence  ts 
now  rewritten  in  a  manner  jim2ar  to  that  in  (9)  as  a  doubte  summation  over 
K  and  g  as  toSows. 


CO 


A‘t  H 

*  |^V*inc^jcos<2aK§n)  .  ^^sIncf^|cos(2ng,\|lln)  (12) 
kH'  B*1 


Alter  trigonometric  and  algebraic  manipulation,  and  using  Joifey  (eqn 
770.  pg.  140).  Me  obtain 

A»1 

€Vy(n)  -  |^J](cos<2aK§nj  ♦  ^COS{2sA§n})  (13) 

In  order  to  obtain  a  more  concise  representation  ol  EeH") lhaI  **  m  the 
same  form  as  EjH")  *n  (II),  the  cos(2aAF,nf2a)  term  ol  the  summation  in 
(13)  is  multiplied  by  a  'correction  (actor*  ot  two.  This  operation  is  justified 
later  by  showing  mat  the  K  *  A  coefficient  is  afivays  doubted  due  to  aliasing. 
Using  mis  correction  lactor,  E^n)  ts  rewwton  as 

A 

fcVoJ.^CQS^Klin)  (14) 

Upon  subsuming  back  Into  (8)  and  using  (11)  we  obtain 
A 

ef(n) .  "^^(cotfgillnfJaK^n)  -  COS(2nK|in)  j  (15) 

Kml 

The  error  soquence  is  now  eiprossod  as  a  sum  ol  A  distinct  Irequonoes 
with  uruquo  amplitudes  corresponding  to  tho  discrete  spectrum  ol  mo  phase 

orror  Oy  combining  mo  forms  from  mo  slno  sorios  and  cosino  sotios  Into  o 
complex  Fourior  sorios  roprosontation  wo  obtain 

A 

E^n)  *]T  e|<2'K?fl)  e,w,M  (16) 

Kit 

whoro  tho  magnitude  ol  tho  complox  phasor.  (,K.  and  tho  phaso  angle, 
'P(Kr\)i  are  dofinod  as 

CKag-ccsec§  *F(M)  A  -cot(^)  (17) 

Tho  variable  r  =  F,/(Ffl2B)  Is  now  dofinod  so  mat  mo  (toquoncy  F,/2B  can 
bo  exprossod  as  a  rational  (faction  ol  two  mutually  prime  integors.  Using 
this  definition,  each  ot  mo  spur  magnitudes,  ^.corresponds  to  a  unique 
froquoncy  Kr(F„2B)/2B  This,  howevor.  is  only  a  partial  solution,  since  an 
explicit  result  is  required  that  will  define  tho  exact  location  ol  tho  spur 
Iroquendes  Flp  in  the  range  0  <  F,p  <  Feut/2.  In  general  Kr(F„2B)/2B  will 


range  over  several  decades  el  me  frequency  range  cl  interest  Oeeause 
a.'  asmg .  me  pesnsj*  e!  each  spur  «n  me  tipectrat  range  0  <  (F,p'F<tk)  <  1  is 
equal  to  the  residue  « the  Irequency  KF  modmo  2,  (F„2*) 

We  now  introduce  U>e  nenvaUied  integer  frequency.  F«,  wh<h  is  defined 
such  that  as  Irequencea  tn  the  discrete  spectrum  (as  wouW  be  generated  by 
a  OFT  )  are  represented  by  integers  From  me  defn-wn  ol  the  OFT,  wo 
know  that  me  discrete  spectrum  ol  a  sequence  centals  me  same  number  el 
points  mat  are  guaranteed  to  be  nonzero  as  me  numerical  pen ed  cl  mat 

sequence  Usmg  m-s  and  teazling  that  the  period  ol  the  sequence  Cj(n),  a 
2.V  we  del-ne  the  relationship  between  me  un  ncrmaced  output  frequency 

and  F«  as  F«  ■  4* —  Where  th*  definition  guarantees  mat  at  postbis  spur 
locAt-ons  in  the  speefum  are  represented  by  integer  vafires 

Using  this  definition  lor  frequency  axis  ol  me  discrete  spectrum  we  can 
determine  the  frequency  ol  the  K>m  spur  from 

(xr>v.F„  d») 

Ahhough  (t8)  ea'cumtes  me  frequency  mat  each  spur.  ?«»,  maps  to  in  the 
range  0  <  (F.^F.a)  1 1.  a  much  more  powerful  deser  pfion  ol  me  spectrum 
would  yield  me  ampMude  (denned  (rom  K)  at  a  tuneuon  ol  mo  frequency.  Fn. 
Futtfiermore,  when  using  (t8),  it  most  be  ensured  that  more  man  one  value 
ol  K  does  not  yield  me  same  F„.  Thus  on  assurance  must  be  gained  that 
each  ol  me  frequencies  represented  by  the  summsfion  in  (IG)  corresponds 
to  a  unique  frequency  m  me  range  0  <  (F,ptFcu)  <  1.  and,  given  that 
assurance,  a  sobfion  to  me  congruence  m  (18)  tor  K  must  be  obtained  given 
any  F,p  in  mat  range.  The  congmence  in  (18)  is  actuary  a  representation  ol 
me  integral  (tophantine  equation. 

Kl**bY«FB  (19) 

whoro  Y  is  an  integer,  b  «  2A  is  an  integer,  and  a3  solutions  are  defined  to 
be  an  equivalence  class  modulo  b.  Because  ins  a  Oiophantine  couat;on, 
inteoral  values  ol  K  that  solve  (19)  can  be  found  if  and  only  it  (Fn\r>(,*0. 
From  number  theory,  by  the  eopnmafity  ol  I*  and  2*.'(F,.2D).  It  can  be  shown 
that  each  sol  ol  K‘s  less  than  2*/(F„2*)  wi3  map  tn.o  a  unique  set  ol  Fnt  less 
than  2B,(F„2B).  Thus,  each  frequency  v«3  map  uniquely  Into  the  range  0  < 
(F.^FdO  <  1  Theiofora,  exploiting  me  fact  ilwt  (r%2,l/(FI,2*) )  ■  1.  the 
solution  to  (18)  can  be  expressed  without  loss  ol  generality  by  either  Euclid's 
etgorithm  or  by  Euler's  Theorom.  From  Euler's  Theorem.  (F,,5‘t»)I«l  lor  aft 
Ff  snd  X  coprimo.  where  d»(x)  ts  defined  as  the  Euler  Totienl  function 
Therefore  by  multiplying  com  sides  ol  (18)  by  Ff**"t**  with  X«2B.'(F„2*)  and 
ther  factoring  out  F,  one  obtains. 

(FaI-waw)^b  k  (20) 

where  <!>(n)  is  me  Euter  totienl  (unction  which  is  defined  os  tho  number  ol 
integers  smaSer  than  n  which  aro  rolatmety  prime  to  n.  There  is  no  oipl/ct 
function  that  can  bo  used  to  catcutato  <!>  (n) .  thoroloro  a  table  must  normally 
be  used  to  obiain  its  values.  Fortunately,  tho  Totienl  (unction  can  be  easily 
obtalnod  lor  mo  special  caso  ol  n  strictly  a  power  ol  Z  Thus  lor  n«2‘  w.wro 
X  Is  an  Integer;  al  oven  numbers  loss  than  n  wi.!  not  bo  mutually  coprimo  to 
n  and  ail  odd  numbers  loss  than  n  wJ  bo  coprimo  to  n.  Thoroloro  mo  Tofiont 
function  tor  n*2‘  is  simply  tho  number  ol  odd  integors  less  than  n.  which  is 
rV2  or  21'1.  In  mo  abovo  analysis.  n«2B/(F,,2B).  which  is  by  definition  always 
a  pure  power  ol  2.  Thoroloro  we  obtain 


and  thus, 

K  .  (F„PV1)^  (22) 

Thoroloro,  by  using  (22)  lo  got  tho  value  ol  K  to  substitute  Into  (18).  the 
amplitude  of  tho  spurious  rosponso  can  bo  calculated  al  any  point  In  tho 
digital  spectrum.  A  probtom,  howover,  arises  when  ono  considers  mat  (22) 
was  derived  from  (18),  which  maps  oach  spur  hom  a  spoctrum  in  which  oach 
ties  on  a  (roquency  F,p=  Kr(F„2B)/2B  to  ono  in  which  all  ot  mo  spurs  fio 
In  mo  Irequoncy  rango  0  <  FipfiFe|(,  <  1.  This  ’post  mapped*  Iroquoncy 
domain  can  bo  thought  of  as  consisting  ol  2a  possible  spur  locations.  In  this 
’post  mapped*  spoctrum  tho  spur  locaten  denoted  by  Fn  =  2A  corresponds 
to  tho  Irequoncy  FC||(,  and  tho  location  Fn  =  A  corresponds  to  Feik/2.  This 
mapping  is  shown  graphically  m  Figuro  11  lor  the  case  ol  3  bits  ol  truncation 
and  F,  s  11. 
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In  some  cases  one  o t  mote  at  the  a  different  spurs  wia  map  onto  ihe 
frequency  numbers  between  F„«a  and  F„»2a  Thu  it  iSusttated  m 
Figure  11  by  the  spur  which  was  mapped  to  F„  «  *.  as  predicted  by  (18) 
One  might  question  then,  how  a  value  lot  K  cook)  be  exsraeted  using  (22)  tot 
a3  vetoes  ot  F„  tn  (he  range  0  <  F„  <  a  (corresponrfing  to  0<FM<Ftn/2)  when 
the  mapping  defined  by  (18).  (tom  which  (22)  was  detived.  leaves  some  ot 
the  spot  tocafions  in  that  tango  empty.  This  i*  exempSfied  by  the  c-npty  F„»2 
location  (ot  the  eiampte  in  Ftgute  li.  The  answer  to  this  question  comes 
Irom  camping  theory.  Because  the  rput  location  F„«a  acluaity  ettesponds 
to  the  tiequency  Ftrtlf2.  the  spot  tying  on  Fn»C  in  the  *p*s;  mapped*  epeefrum 
tn  Figure  11  is  aliased  back  lo  the  frequency  F„»2,  at  shown  In  the 
‘ASasing*  bos  in  Figure  1 1. 

Ideally.  It  would  be  desirable  to  associate  a  spur  number  directly  with 
each  spur  location  in  iho  rango  0  <  Ft><  FtU/2.  rathor  than  calculating  tho 
entire  spectrum  and  then  aliasing  back  the  sputa  in  the  range 
FC|k!2<FM<Fcn,,  To  calculate  the  value  ot  K  tor  (lie  spurs  tying  on  these 
'empty*  spur  locations,  an  aliasing  phenomenon  is  used  similar  lo  that 
encountered  m  sampling  theory,  Since  the  summation  expressing  the 
number  ot  spurs  is  defined  to  have  a  terms,  and  since  the  modulus  operator 
in  (22)  is  defined  modulo  2A,  calculations  using  (22)  can  yield  a  vatuo  o*  K 
lot  an  empty  F„  that  is  larger  than  a  (which  is  impossible  sinco  there  aro 
only  a  different  JJK’s)  This  is  similar  to  the  aliasing  ot  sampling  theory 
because  tho  Iroquency  associated  with  tho  spur.  Kf(F„2*)/2*  can  be 
associated  with  (2.vK)r(F„2“)i2«  tor  a  >  K  >  2a  Thereloro.  If  (22)  yields  a 
value  lor  K  that  is  m  tho  rango  A  >  K  >  2A.  tho  true  K  vaiuo  can  be 
computed  by  subtracting  tho  ok)  K  Irom  2a  This  eliminates  tho  need  to 
determine  whether  a  trequoney  location  was  ompty  or  not  whon  applying 
(22).  !n  order  to  find  llie  spur  magnitude  from  the  Iroquency  number,  simply 
use  (22)  and  subtract  K  from  A  lor  K's  greater  titan  a.  Foitunaleiy,  tho 
expression  tor  the  spur  amplitudes  given  in  (17)  is  symmetric  about  tho 
K  ■  a  axis,  so  tho  aliased  values  ot  K  generated  by  (22)  produco  the 
cermet  amplitudes  when  substituted  Into  (17)  without  calculating  K  ■  2a  (or 
valuos  of  K  in  tho  range  A  »  K  >  2a 

Tho  proceouro  tor  oblainmg  tho  discroto  spectrum  lor  the  phaso  error 
(unction,  Er  (n),  can  now  bo  summonsed  as  loSows. 


1.  Find  tho  number  ot  spurs  Irom  a«28'1/(F, ,2°)  whore 

B  ■  number  ot  bits  truncated 

Fr  ■  conlenls  ot  the  troquoncy  control  rogistor 

2.  Drvldo  tho  trequoney  tango  ot  0  to  Fcik-^i^n211)  mlo  A  oquaSy 
spaced  spur  locations. 


3.  Find  tho  spur  number  K  (or  (jK  Irom  tho  soquontial  spur 
number  Fn  using  tho  equation: 

K  =  (Fnr'\ 

4.  Calculalo  tho  ampfitudo  ot  tho  spur  using  tho  value  ot  K 
derived  in  slop  3  Irom: 


DDKS  QUHTUT  S I'ECTH  PM  LUili  TO  I’llAUK  THUN'CATIOS 

Now  that  an  atgoriihm  hat  been  developed  lor  computing  the  discroto 
plenum  ot  the  phase  error.  £y(n),  we  can  determine  the  etlect  ot  this  phase 
enot  sequence  on  the  ouiput  spectrum  ot  the  OOFS.  Applying  simple 
trigonometric  identities,  the  ROM  output  sequence,  St(n).  ot  (6)  can  be 
written  as 


S,(n)  a  *ln(2s^£)  cos{2r.2*«-^r)  -  cos(2s^  Sln(2r.2*  '-^r)  (23) 
I  Cr  (n)  | 

Because  l-y  I S 1  tor  all  £,(n).  the  supremum  ot  the  arguments  to  the 
sine  and  cosine  terms  containing  £,(n)  in  (23)  is  2k2*'V  Smco  it  is 
reasonable  to  assume  that  2,-t- « i  tar  a3  rea-st*  OOFS  tmpfementations. 
(23)  can  be  approximated  with  very  HCe  error  by 


S,(n) .  tln(2a|r)  -  2x~£~  cos(2*|?)  (2*) 


Theteloie,  to  a  reasonable  approximation,  the  output  spectrum  ot  the 
OOFS  wd|  be  composed  ot  a  smewave  at  the  deseed  ouiput  tiequency 
cofiupiod  by  iho  cosine  modulated  harmonics  ot  the  sawtooth  waveform 
£f(n),  Substituting  the  summation  tor  the  phase  error  spectrum  obtained  tn 
(tC)  for  Cy(n)  yields  the  result 


which  can  be  rewritten  as 


A 

S,(n).sln(2~c) -fc]^  (e12^ * K?)n  +  e*,2a<aC *  hjbnUttM 

(26) 

The  spurious  rosponso  now  consists  ol  two  series  ot  spectral  linos  whoso 
ompaiudos  aro  proportionat  to  tho  same  set  ot  ^vs  that  were  derived  tor  tho 
(ho  spectrum  ot  (ho  sawtooth.  However,  tne  discrete  spec  tarn  will  consist  ot 
2w(F„2'-)  points  onto  which  the  two  sots  ol  A  dittoront  (,.*  will  bo  aliased. 
Bocauso  2a  is  in  gonoral  loss  than  2tV(F„2fi)  (or  L  ►  8,  thoro  will  always  b« 
points  in  tho  dijcrule  spectrum  containing  no  otiasod  sp  in.  Additionally  It  is 
possibo  tor  a  smgto  troquoncy  to  contain  a  noiso  lino  tt  ot  rosults  Irom  the 
superposition  ot  two  different  aiiasod  sk's.  The  variable  kv,  is  now  dofinod 
to  be  the  msgnitude  ot  the  individual  spurs  in  tho  output  spectrum  ot  a 
DOFS.  Thts  is  expressed  in  (27)  as  a  (unction  ot  sK.  Iho  magniiudo  o(  (ho 
spurs  in  Iho  spectrum  ol  the  phaso  error  sequence  Ef'.r.j. 

?«c»  -  fcSx-  ~£~coaec$  (V) 

As  part  ol  tho  dotinition  In  (27)  wo  dofino  notation  (J v ,  to  roprosont  tho 
spurs  mappod  Irom  tho  tirst  term,  eljA(lV:<-  ♦  KFp2i)i  tn  jjC),  and  to  bo 
tho  spurs  mapped  from  tho  e'Rx^rtt- -  KFyjs)  l0(m  Tho  location  ot  thoso 
spurs  can  bo  calculated  using  tho  samo  techniques  derived  oertior  lor  tho 
sawtooth  spectrum,  Howovor  tho  procoduro  tor  calculating  tho  spectrum  15 
now  compticatod  by  tho  tact  that  a  noiso  spur  doos  not  lio  on  oach  troquoncy 
location.  Thorotoio,  In  addition  to  tho  calculation  ot  spur  amplitudos  lot  a 
given  lioquoncy,  0  clitoris  for  determining  it  n  spur  oxists  at  all  at  a  gnron  F„ 
must  bo  Inetudod  In  Iho  algorithm  .  To  accomplish  this,  tho  troquoncy  rango 
0<F,p<Feii(  must  bo  dnridod  Into  2W{F(I2L)  troquoncy  locations.  As  a  losutt. 
Fn  is  now  rodolinod  to  bo  tho  intogor  troquoncy  number  ot  tho  troquoncy 
location  0<Fn«2W(F„2fi)  whoro  F„  a  2t-F,p/FcU(F(,2>-).  It  oquation  (26)  is 
ruwrilton  to  oxpross  tho  troquoncy  Fr2*-  os  tho  ratio  ol  two  mutually  prime 
Intogors  using  r=  F^(F„2B)  wo  obtain 

A 

SKn).Sln(a^n)  Krji  .)n  + KrjivjnVjmx.M 

K*'  (28) 

From  (28)  it  is  ovidont  that  each  15  mappod  onto  two  dittoront 
Iroquoncios  with  troquoncy  numbers  grvon  by 

f„  =  <r+2^Kr)}l  or  f„  =  <r-2»-BKr>il  (29) 
if^i  (7^*) 

Thus  using  (29)  it  can  bo  dotormmod,  (or  a  given  K,  onto  what  troquoncy 
locations  and  ?K_  aro  mappod  This  is  holpfu!  in  determining  whoro  m 
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It*  frequency  spectrum  the  largest  spun  <'«  However.  normal*  when 
evaluating  the  spectral  re  sponse.  cm  tt  more  interested  in  deteirnuung  ihe 
maanitude  of  ihe  response  for  a  given  frequency.  Thus,  to  comp«.«y 
mathemaScaiy  characterise  the  spectrum  of  :h«  OOFS  one  wood  fAe  lo 
determine  for  a  gwen  frequency  whether  any  spur  exists  there.  bmh  so. 
whether  that  spur  is  due  lo  the  supoipes  w  of  one  or  mow  <yOs  and  ihe 
va!u«  of  K  for  ooeh  one  From  (20)  II  «  ewdeni  tfcal  spurs  exist  on*  at 
frequency  numbers  for  which  the  fraction  (F„  •  or  (F„  .  O^’*  «  a* 

integer.  or  eqmvaiemy.  for  wtuch  the  foawwg  eongtuoncos  nr*  saa8.-ed 


whore  spurs  ol  fhe  same  fsrvy  overlap  il  and  o ny  u  eim*'  (35)  or  (37)  l* 
satafod  Equation  (3>) can  ho  rewritten  as 


(k)*  ■  (K  *  ")* 

3£?5  iT2*5 


(3*) 


(f«)2v».  *  (r)2-v»  w  (F")aM  *  *^r)iu.a 


(30) 


Therefore  lha  equwaiene*  hi  (37)  (*  satisfied  ony  for  n  a  «* 

2*-’(F„2*)  Smee  n  is  bounded  by  A  because  there  are  ony  A  spurs.  (3') 

yiakfs  no  sell  ovarfap  conditions, 

Tha  other  condition  for  satf  ovaeiap.  given  by  (37),  can  bo  rearranged  and 
simplified  to  obia>n 


If  a  spur  do4s  oils'  a'  a  given  frequency  R  is  possible  that  this  spur  b  duo 
to  iho  s^rpos^n  of  two V**  Thera  are  in  edfn 

canoverlap.  Tho  fist  is  when  iho  spurs  from  one  lamJy  are  n*a,od  on 
lop  of  spurs  from  another  famiry  (r  a.  whan  a  (*,  spur  Has  on  lop  e.  a  sv- 
spw)  The  second  way  is  when  spurs  from  the  same  farr^y  a.e  a-osedon 
top  of  each  other  (i,e  on  lop  of  .  or  fa  on  lepol  fa )  *n “ 
tjV(  and  *3  overlap  only  when  one  of  the  fo»owtng  equivalence 

relations  are  satisfied: 


(2^’(2K«n))^«  (l)3l 

?i2*i 


.(f,  -  2u*K,F,)2l  *  (f,.2^K.F,)2U 


or 


<F,.2^»K,F,>2L  «  (f.^K.F,)^ 
Equation  (31)  can  be  rearranged  and  simplified  lo  obtam 

<  ks  1 

17^5  ?;FJ 


(31) 


(12) 


(33) 


Il  can  be  seen  lhai  (33)  can  only  be  satisfied  when  2<-*»-  is  an  odd 
number  Since  2b*«*«  is  odd  only  lot  L  •  B  - 1  ■  0,  tho  overlap  wfl  occur 
when  L  and  8  satisfy  L  •  B  » 1  A  second  condition  for  equivalence  in  (33) « 
that  Ki  *  K*  ■  1  Therefore  lor  the  case  of  L  *  B  » 1  (corresponding  physical* 
to  a  OOFS* with  a.1  but  tho  most  significant  bit  truncated)  the  {K*  spur*  are 
always  atiased  on  top  of  Iho  fa  *(»«•  Thus  tho  only '  spu« jWU»#  noUaj 
on  top  of  othor  spurs  for  this  easo  aro  and  fa  Fortunatoly  tho  special 
case  ol  U  *  B  ■  1  is  a  condition  that  would  novor  bo  reaped  In  a  pracl.ca> 
OOFS. 

Tho  toeond  condition  (or  fa  and  fa  overlap  as  expressed  in  (32)  can 
bo  rearranged  and  simplified  lo  obtain 


S.nco  -1  ts  an  odd  number,  eqvtvaience  (39)  can  on*  be  *«i»W ' » 
}b|.i  «  an  odd  number  S1*-'  is  odd  ony  (e»  L-B-1»0  or  *1  U»B»1.  Thu 
yields  (he  result  thai  s«tl  overlap  ony  exists  for  the  trivial  ease  ol  inmeawn 
of  a3  bits  addressing  the  flOM  e«ept  the  phase  aecumuMtor  ht^O. 

Therefore,  all  of  the  conditions  for  spur  overlap  have  now  been 
oxhaustivey  determmod.  Summarijing  the  results.  »  has  been  de^r^d 
that  there  is  always  overlap  among  spurs  of  Ihe  tame  fanvy  for »«  eondiVon 
L-B«1.  a  condition  that  »  not  reat.jod  for  any  p«ct<al  OOFS  de.ign 
Furthermore,  other  man  lor  the  caso  L-B.l.  there  is  no  0v4'lsF^'"««f' 
swra  of  ifw  tamo  famy  For  me  case  of  overlap  among  sputa  of  difteten 
famous  il  has  been  shown  that  the  spurs  fa  end  fa  overlap  under  ad 
cond.iions  and  that  for  tho  speoaf  case  of  L-B.t  aS  of  fj? 
on  top  ol  ono  another.  In  eonefusron.  lor  any  pract-cal  OOFS  des^  H  has 
also  been  proven  thatthe  ony  spur  overlap  h  tho  tpocuum  wtf  bo  bei««sn 
tho°C\.  at5  iho  fa  Spurs,  ft  has  also  been  shown  lhai  when  ea^uiatmg 
the  spectrum  ot  a  OOFS  no  adjustment  has  to  be  made  to  add  these  two 
spurs  together  since  their  values  are  ‘pre-doubterT  when  th4tr  amp-tude  is 
calculated  using  (27). 

Now  that  the  conditions  for  spur  overlap  and  Ihe  ernerw  for  spur 
onstence  at  a  frequency  number  have  been  determined,  the  congruences 
gnran  in  (29)  can  bo  solved  for  K.  This  will  enable  the  amplitude  ol  the 
spurious  'ojpensa  to  be  calculated  from  ihe  frequency  rumuer  in  me  d^iai 
spectrum  Equate  (29).  wtuch  describes  the  fiequeney  (oeauon  m  terms  ol 
K,wn  bo  rewritten  ns 

Fn  -  (rts^Krl  <«) 

Oy  subtracting  and  app'ying  tho  modulus  operator  to  both  sides  and 
simplifying  we  obtain 


<K' ♦■<*)« 


(34) 


(*£)  .  (sKr) 
'21'*  V  _?L. 

(7^) 


(41) 


iTiJn 


Sinco  MAX(Kt)  ■  MAX(K2)  >  A.  (34)  is  satisfied  ony  for 

Kj  eKj  •  l\  <35) 

In  othor  words  overlap  always  occurs  lor  iho  case  ol  K,«A  and  Kj«A. 
Thoroloro  indopondont  of  Iho  condnions  on  L  and  BC\.  •* 
on  loo  ol  C._  This  moans  lhat  whon  calculating  Iho  mogniludo  ol  Iho 
spectral  rosponso  al  a  frequency  whoro  il  is  dolorminod  lhat 
calculated  magnitude  of  fa  must  bo  doubted  sinco  fa  w.J  afweya i  be 
,  on  ieo  0i  ri  yhis.  ft  turns  oul.  Is  Ihe  justification  for  tho  factor  of  2 
^correction  faSor'  L.  mJlt  p’.ed  the  (l/2)cos&«AF,^  term  in  (15)  to  get 
iho  summation  In  (1C).  Thoroforo  no  provision  noods  lo  bo  mado  lor  tho 
doubting  of  tho  <Ai  terms  whon  (27)  is  used  lo  calculalo  Iho  spur 
amplitudes. 

As  mentioned  oa-lior.  spurs  can  also  overlap  when  spurs  from  tho  same 
family  aro  aliasod  on  top  of  ono  another  ( fa  on  lop  of  or  fa  on  lop 
of  fa  )■  Tho  conditions  for  this  lypo  ol  ovorlap  aro  oxprossod  as 

<F,  +  2b»KFr)2U  >  {f(  +  2L’®(K<n)Fi>2L  (35) 


By  opph/ing  Euler's  Theorem  using  tho  samo  justification  « (J8) 
oi^oitShotaci  that  2»/(Ff.2»-)  -  2B/(F,.2*)  in  all  cases  whore  spurs  duo  to 

phaso  truncation  oxist 

,  .K  (42) 

VgU-S1  '  2A 

As  shown  oartior  <W2A)  ■  A  lor  A  a  powor  of  2  thoroforo 


Mpvi\ 

\2u-s 1  t 


Z\ 


*K 


(43) 


This  yields  an  expression  for  Iho  K  value  ol  a  spur  d'om  which  its 
ampUtudo  can  bo  calculated)  from  Hs  Iroquoncy  locabon  In  ho  d-g  tat 
spectrum  This  tosult  however  prosumos  that  °n«  is  miorostod  in  tho 
spoctrum  modulo  2V(Ff.2>-).  In  roal.ty  tho  spectrum  Irom  0  to  2  r(F,,2  )  ts 
desired,  with  all  of  tho  spurs  whoso  Iroquoncy  numbm  ho ■*»»»" 
m-tr/F,  24  and  2W,.2L)  aliasod  back  Into  tho  tango  0  to  2L  '1(F„2  ).  the 
location  o(  o'  spur  wore  calculated  us, ng  (40).  and  if  the  rosUthng ,  spur 
S  p  wa;  ja,o0f  than  2'V(F.124,  thon  tho  truo  aliasod  position  ol  tho 

sl^ 

tho  aliasing  ot  tho  spurs  in  tho  tango  2L‘V(F„24  to  2V(F„24  wo  obtavx 


(f,  +  2lbKF,)  .  =  2L  -  (Ff  +  2>-B(Krn)F,) 


2l 

n»H.2X 


(37) 


-Fn 


■<> 


r± 


2t,BKr^i 


(44) 


500 


Wh<h  (0 


IK 


{«) 


Combmmg  the  result  bom  H5)  with  that  obtained  w  (-*3)  gives  an  eiptici 
eipresHon  let  the  *pw  amp&tude  lot  do  two  condition*  given  w  (30)  that 
deserme*  it  a  *pof  *>ij«  si  a  bequeney  number  Therefore.  if  the  b action 
F„  •  a  it  on  integer,  then  (<3j  can  be  used  to  ertiCviAte  the  spur  amplitude, 
and  «  F„  *  A  t*  an  weger,  then  (45)  can  be  wed, 

Therefore,  the  ccmpfitie  a'gstthm  lot  detemuning  the  digital  spectrum  el 
a  OOFS  tn  the  presen ce  of  phase  truncation  can  bo  summariied  as  loicws 


1)  Divide  (ft*  frequency  rung*  ,(om  0  to  Ft)kr2  into  a 
sequence  »»  *L,'/(F„2l)  overt/  spaced  potential  spur 
location*.  a  nth  sequential/  numbered.  The  sequential 
frequency  number  of  a  spur  location  i*  rotated  to  the 
actual  analog  spur  beqvtne y.  F,».  by 

-  F„2t 

F"'(5fe 

2)  Find  the  tpur  number.  X,  bom  the  frequency  number.  F* 
Wing  the  foSowmg  rut**, 

a)  If  both  F„  »  A  and  »F«  *  A  are  net  divisible  by  2 
then  the  magnitude  of  the  tpu?  at  F„  in  0, 

b)  If  2  dhndes  F„  *  a  then 

/£dC,.\-t\  .  if 

'2^*  'l\  * 

It  2  bMdfl*  -F.-Athen 


2ue 

where  we  define  A  ■ 


(*g£r'\-  « 


2*“* 

C^5*J 


3)  The  magnitude  of  the  spurious  noise  fine  at  F,  la 
,  x2iL _ K* 


Sv*  * 


Z\ 


C0MC(^ 


1IL  IMPLICATION  OF  RESULTS 

The  spectrum*  generated  using  this  algorithm  were  compared  to  those 
generated  using  a  OFT  and  were  found  to  exactly  predict  tire  spectrum  cl  the 
OOFS  to  within  the  roundoff  error  involved  m  the  FFT  algorithm.  Att  spur 
magnitude*  larger  than  -12000  agreed  with  the  OFT  resist*  to  within  Ifi, 

New  that  an  eiphcit  relationship  ha*  been  derived  lot  the  output 
spectrum  due  to  phase  truncation,  several  observations  can  be  made  about 
the  interaction  of  tire  finite  word  length  effects  and  the  frequency  control 
command,  Ff,  From  (27)  It  I*  evident  that  the  spectrum*  generated  from 
values  of  Ff  that  have  the  same  vain#  ol  (Ff,2»)  have  a  one  to  one 
correspondence  between  the  magnitudes  ol  the  spurs,  In  other  words,  tn  the 
fwo  different  spectrum*  the  magnitudes  ol  alt  the  sputs  wd  be  the  same,  and 
only  their  position  in  the  spectrum  wilt  change.  This  behavior  provides  a 
clue  as  to  the  number  theoretic  operation  ol  tho  phase  accumulator.  For 
simplicity  we  wil  consider  only  odd  vaKres  of  ft  such  that  (F,,2*)  ■  1.  If  one 
considers  the  output  o)  one  numerical  period  ot  tiie  phase  accumulator  to  be 
a  vector,  Y.  ol  length  2«-  where  the  basic  vector,  Y,.  is  provided  by  F,  ■  1  and 
is  composed  of  the  consecutive  integers  bom  0  lo  2*-1,  Under  this  model 
the  phase  accumulator  can  be  considered  as  a  permutation  generator, 
where  each  value  ol  F,  provides  a  different  permutation  o!  the  values  bom  0 
to  2M  as  given  by 


Y.M 


Whore  y,(nj  is  defined  as  tho  n71  otomonl  ol  tho  voctor  Y,. 

This  property  provides  considerable  insight  mto  the  nature  ol  tho 
spectrum  ot  the  OOFS.  It  can  be  shown  that  permutation  operators  ot  this 
class  are  commutative  with  the  OFT  operator.  Therefore,  a  permutation  ol 
this  type  to  the  input  vector  to  a  OFT  wilt  result  tf  an  identical  permutation  ot 
the  transformed  output  vector.  Therefore,  the  spectrum  ot  a  OOFS  duo  to 
any  distortions  in  the  system  which  are  the  result  ol  a  memoryiess 
phenomenon  can  be  generated  by  using  one  OFT  tor  each  class  ot  (F„2*), 
and  permuting  the  results  lor  the  desired  F,. 

Returning  to  the  analysis  ol  the  spurs  due  to  phase  buncation  only,  a 
relationship  tor  the  magnitude  ol  the  largost  spur  in  the  spectrum  may  be 


cbtamed  bom  (27)  Because  is  a  mcnotcn<a3y  decease  function  el  K. 
the  magnitude  ol  the  target!  s put  may  be  obtained  by  substituting  K  ■  1 
Using  tivs  fact  the  magnitude  of  the  largest  spur  w  the  spectrum  i  given  by 


-  <; 


a 1 


2*V 


;1M!1 


(«> 


From  (a?)  we  see  an  important  relationship  between  the  magnitude  of 
the  worst  ease  spur  and  (F,,2»),  For  vaVes  ot  F<  such  that  (Ft,2») «  2*,  spurs 
due  to  phase  truncation  are  noneitttent  However  tor  values  of  F,  such  that 
(F„2»)  <  2*.  the  magnitude  of  the  largest  spurs  in  the  spectrum  is  a 
decreasing  (unction  ot  (F|,2»)  with  the  manmum  value  provided  by 
(F|,2*)  ■  2*'1.  This  relationship  is  shown  graphical/  m  Figure  12 


Note  from  Figure  12  that  II  (Fl(2*)  ■  1.  then  as  B  get*  larger,  the 
magnitude  of  the  worst  case  spur  asymptotically  approaches  a  va-'ue  ol 
2*  ti  M  2-*  This  is  3.92200  less  than  the  largest  worst  ease  spur  which 
would  result  from  the  same  B,  but  unrestricted  values  ot  F,.  The  magnitude 
approaches  this  limit  very  quieWy,  so  that  tor  B  larger  than  4  b>»  and  with 
(Fr,2»)  ■  1.  the  magnitude  ol  the  worst  case  spur  can  be  considered  to  be 
2-w, 

IhlaSK  A  tTHMULATOM .  MODIFICATION 

This  phenomenon  soggetts  a  simple  method  for  improving  the  worst 
case  spur  performance.  If  a  scheme  could  be  developed  to  prevent  values 
ol  F,  Ural  would  result  in  (F„2*)  ■  2••,  bom  being  input  to  the  phase 
accumulator,  then  the  performance  ol  the  OOFS  could  be  significantly 
improved,  One  brute  force  approach  would  be  to  only  allow  odd  values  ol  F, 
to  be  used.  This  woutd  provide  a  performance  improvement  ol  3.922  dB 
predicted  above  lor  B  >  4  at  the  eipenso  ol  halving  the  frequency  resolution 
of  the  synthesiser.  However,  a  much  more  elegant  solution  is  possible 
involving  only  a  small  amount  ol  additional  hardware  that  provides  the 
3.922  dB  improvement,  without  reducing  the  boquency  resolution  This 
solution  is  obtained  by  observing  the  behavior  ol  the  least  significant  Ut  ol 
the  phase  accumulator  when  the  input  frequency  conbol  command.  F,.  is 
odd.  This  condition,  as  mentioned  previously,  corresponds  to  the  mirvmum 
worst  case  spur  condition.  Under  these  circumstances,  since  the  catry-ln  to 
tho  adder  in  the  least  significant  bt  of  the  phase  accumulator  is  JOto.  tho 
least  significant  bit  ol  the  phase  accumulator  register  witi  oscIHate  botwoon 
one  and  zero  every  clock  cycle.  Therefore,  the  goal  ol  the  hardware  addition 
is  to  modify  the  editing  L  bit  phase  accumulator  structure  lo  emulate  the 
operation  c<!  a  phase  accumulator  with  a  word  length  ol  L+1  bits  under  the 
assumption  that  the  least  significanl  bit  o!  the  frequency  control  word  is 
always  a  one.  Such  a  hardware  addition  is  shown  in  Figure  13.  As  seen  in 
the  figure,  the  additional  flip-flop  and  inverter  synthesise  the  same  carry-ln 
sequence  lo  the  L  bit  adder  that  the  least  significant  bit  ot  an  L*1  bit  odder 
with  on  odd  F(  input  would  propagate  to  its  L  most  significant  bits  Thus,  this 
circuit  simulates  the  doubling  of  the  frequency  resolution  ot  the  phase 
accumulator  by  adding  an  extra  bit  to  its  word  length,  wtuie  simultaneously 
halving  the  resolution  by  restricting  the  input  Ff  to  bo  an  odd  number.  Tho 
net  result  is  a  phase  accumulator  with  tho  samo  frequency  resolution  but 
with  a  3.922  dB  performance  improvement  and  no  restriction  on  tho  input 
value  ol  Fr  Fortunately  this  spur  performance  gam  is  inr.plomontod  without 
adding  any  hardware  that  woutd  increase  the  critical  path  dolay  through  tho 
adder  therefore  tho  throughput  oi  tho  DDFS  is  not  dogradod  by  tho 
modification. 


501 


Figure  IX  HtrthwM*  ModMcttlon  lo  Force  (F„2*)  ■  1 
isTimcrtov  OF  Al  t.  Kisrre  Word 

Thi*  modification  alto  hat  the  benefit  el  timpkfying  IN  analysis  ol  IN 
OOFS  tine*  IN  magnitude  ol  IN  wortl  cate  spur  is  w*  independent  ol  F<, 
Using  previously  derived  relations  for  l lie  spurious  response  due  lo  phase 
truncation  we  may  now  graph  Ore  wortl  cate  response  due  10  aa  finite  word 
length  effects  In  this  graph  11  it  assumed  lhai  a3  error  ellecit  are  additive 
and  tnai  in  errors  due  10  finite  word  length  effects  in  IN  ROM  and  OAC  both 
contribute  a  potential  spur  ol  magnitude  1/2  LSD. 


»  t  7  •  »  re  «  u  u  u  is  it  i;  » 

BHj  ol  Precision  In  PNse 

Figure  14.  Worst  Case  Spurious  Response  o I  DOFS  lor  all  Finite  Word 
Length  ENds. 


In  this  paper,  a  simple  algorithm  is  presented  lot  geNrating  the  output 
spectrum  ol  OOFS's  resulting  liom  phase  accumulator  truncation.  This 
algorithm  is  last  and  requires  very  fittte  memory  since  the  spectrum  is 
computed  sequentially.  TN  computational  burden  ol  this  algorithm  is  small 
enough  that  a!)  the  significant  spurs  In  spectrums  containing  21S  points  have 
been  generated  on  a  hand  held  calculator  (HP-41C).  These  results  have 
been  compared  to  those  obtained  by  a  OFT  and  havo  been  shown  to  havo 
comparable  accuracy. 

In  IN  process  ol  deriving  tN  algorithm,  several  Important  Insights  wero 
gained  into  the  relationship  betweon  the  amount  ol  phase  truncation,  tho 
choice  ol  frequency  control  word,  and  the  resulting  output  spectrum.  Ono  ol 
those  was  IN  realisation  that  Input  values  ol  F,  with  the  same  (Fn2B)  will 
generate  OOFS  spectrums  that  differ  only  in  the  positions  of  the  spurs.  TN 
relative  amplitudes  of  these  spurs  and  the  total  number  of  spurs  in  theso 
spectrums  will  be  the  same.  Another  realisation  was  that  all  phaso 
accumulator  output  sequences  with  the  same  value  ol  (F„2*)  aro  rotated  to 
each  othor  by  a  number  theoretic  permutation  which  is  commutative  with  the 
OFT  operator.  This  property  thereby  allows  the  spectrum  of  all  OOFS  output 
sequences  with  the  same  (F„2B)  to  bo  goneratod  (tom  a  slngto  basic 
spectrum. 

TN  derivation  of  Equation  (27)  lot  tho  OOFS  spur  amplitudes  duo  to 
phase  truncation  yielded  an  important  relationship  betwoen  the  value  ol 
(F„2B)  and  the  amplitude  ol  the  worst  case  spur.  This  relationship  was  used 
to  propose  a  modification  to  the  conventional  phaso  accumulator  structuro  to 
reduce  the  magnitude  ol  tho  worst  case  spur.  This  hardware  modification 


also  reduced  IN  detrimental  effects  ol  roundel!  error  and  OAC  non^e antes 
on  the  spectral  purity  el  IN  output  SNwave  TN  medication  also  nnows 
IN  output  spectrum  for  any  value  ol  F,  to  generated  from  a  petmutaten  ol  a 
smge  spectrum  without  worrying  ebcvl  each  tfiHerent  class  ol  (F„2B), 

The  use  el  the  new  phase  accumulator  structure  also  avowed  the 
generation  a  design  table  which  generates  me  worst  case  spurious 
behavior  due  to  IN  additive  effects  el  M  finite  werdfength  phenomena,  Tns 
table  gnros  the  worst  case  spurious  response  as  a  function  ol  phase 
accumulator  precision  and  IN  worrFength  ol  in  tto*ed  ROM  samples 

In  conclusion,  the  relationships  derived  in  this  paper  showing  the 
interaction  ol  phase  accumulator  truncation.  ROM  table  length,  and  output 
spurious  noise  level  should  greatly  facilitate  in  design  ol  OOFS's  with  the 
optimum  hardware  configuration  lot  any  requirements  Also,  the 
implementation  ol  the  novel  phase  accumulator  structure  should  greatly 
improve  OOFS  performance  by  reducing  tN  worst  case  spur  levels  and  by 
increasing  IN  tolerance  to  roundoff  errors  and  OAC  nonfineanNs 
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ABSTRACT 

The  availability  of  low-cost  digital  signal  processing  lDSI'1  hardware  ami 
A/I)  converter*  ha*  made  it  possible  to  perform  many  of  the  filtering 
functions,  traditionally  accomplished  using  crystal  filter*,  hy  digital 
mean*.  Finite  impulse  response  tFIRl  digital  filter*  are  often  used,  ami 
they  are  designed  to  have  an  absolute  linear  phase  response.  The  ha*ic 
configuration  of  the*e  filter*  i*  discussed  alone  with  typical  specification* 
and  frequency  re*pon*e  curve*. 

The  use  of  DSP  often  require*  a  crystal  filter  at  one  of  the  1 F  frequencies 
to  limit  the  bandwidth.  If  thi*  i*  not  done,  aliasing  occur*,  which  cannot  he 
removed  by  subsequent  digital  processing.  The  reason*  for  the*e  require' 
menu  a*  writ  a*  typical  crystal  filler  specification*  are  di*cu**rd. 

The  primary  advantage*  of  digital  filter*  are  that:  tli  a  linear  pha*e  can 
he  obtained,  (II  once  deigned,  each  filter  ha*  exactly  the  same  response  in 
(trod action,  and  t3i  additional  bandwidth*  can  be  provided  without  signifi¬ 
cantly  increasing  the  cost.  Once  the  decision  I*  made  to  use  DSP.  many 
other  function*  such  a*  demodulation  and  AGO  can  also  be  performed. 

In  the  near  future.  DSP  i*  expected  to  replace  the  most  exacting  analog 
filters,  particularly  those  requiring  equalizer*.  These  receiver*  will  con¬ 
tinue  to  require  costal  filters,  but  with  somewhat  wider  bandwidth*. 
Many  receivers,  particularly  those  requiring  only  one  bandwidth  or  a  rela¬ 
tively  wide  bandwidth,  will  likely  remain  analog  for  some  lime,  although 
DSP  ha*  the  potential  to  replace  large  portion*  of  these  receiver*.  A* 
digital  hardware  cost*  continue  to  decline  more  and  more  of  the  analog 
function*  will  be  accomplished  digitally. 


INTRODUCTION 

Digital  signal  processing  technique*  have  been  known  for  many  years; 
however,  until  recently  they  have  attracted  little  attention  among  commu¬ 
nication*  equipment  manufacturers.  Thi*  is  primarily  the  result  of  the 
cost  of  digital  signal  processing  hardware  which  ha*  Jieen  prohibitively 
high.  During  the  early  liWs,  however,  a  new  das*  of  component*  wa* 
Introduced  by  the  semiconductor  Industry.  These  device*  Integrate  a 
microcomputer  with  a  hardware  multiplier  on  the  same  chip.  The  execu¬ 
tion  Sliced  to  perform  a  multiplication  plus  an  addition  wa*  less  than  2W 
nsec.  Since  their  Introduction,  the  state  of  the  art  ha*  been  rapidly 
improving  and  most  of  the  device*  being  introduced  at  the  present  time 
have  execution  sjieed*  in  the  order  of  100  niec.  In  addition,  dedicated  chip* 
are  available  which  perform  multiplication  and  addition  a*  rapidly  a*  5 
n*ec.  When  the*e  device*  are  combined  with  high-sjieed  memory,  even 
wide-hand  system*  can  be  designed  using  digital  filler*. 

The  state  of  the  art  has  also  improved  in  the  manufacture  of  A/D  convert¬ 
ers  and  12-  to  ll-bit  device*  sampling  at  100  kllz  can  lie  readily  obtained. 
In  addition,  flash  A/D  converter*  with  8-bit  accuracy  can  lie  obtained  with 
sample  rates  well  in  excess  of  100  MHz. 

The  costs  have  fallen  rapidly  on  the  signal  processors  and  several  of  the 
early  chips,  which  are  quite  capable  of  jierformlng  practical  digital  filters, 
tire  available  for  less  than  $10. 

It  is  not  surprising  that  the  availability  of  this  technology  has  resulted  in 
a  large  amount  of  activity  in  the  communictions  design  area.  At  lids  time 
at  least  one  digital  receiver,  the  ll-5099/U,  lias  been  manufactured  by 
Rockwell  International  in  large  quantities.  In  addition,  many  trade  stud- 
•  *»  are  currently  being  made  to  evaluate  the  potential  of  digital  signal 
processing  (DSP)  for  new*  designs.  There  are  many  advantages  which  can 
be  realized  with  digital  filters.  Among  them  are: 

1.  Reiter  filter  shai>e  factors  can  be  obtained  when  necessary. 

2.  A  linear  phase  response  can  be  achieved. 
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•7.  Receiver*  can  be  produced  with  matched  delay  from  unit  to  unit. 

•I.  Multiple  bandwidth*  can  be  provided  by  changing  the  filler  coeffi¬ 
cient*. 

5.  Filter*  have  no  production  variation, 
ti.  Fitter*  can  be  made  field  programmable. 


DIGITAL  FILTER  STRUCTURE 

loiter  in  thi*  paper,  a  typical  digital  receiver  architecture  will  be  discussed 
along  with  the  requirement*  of  the  crystal  filter  which  precede*  the  A/I) 
converter.  The  factor*  which  determine  the  crystal  filter  requirement*  are 
also  established.  We  *hall  pause  briefly,  however,  to  examine  a  digital 
filter  and  provide  an  explanation  of  how  it  work*.  Two  type*  of  digital 
filter*  are  u*ed;  (It  Infinite  Impulse  response  tllKi  filter*,  ami  (2l  Finite 
impulse  re#pon#e  (FIRj  filter*.  UR  filter*  have  not  been  used  tu  a  great 
extent  In  communication*  equipment  to  slate,  and  because  of  time  limita¬ 
tion*  we  wit)  not  discus*  them  in  this  (taper  other  than  to  Indicate  that  HR 
filter*  have  characteristic*  much  like  the  familiar  analog  filler  types,  e.g., 
Ilutterworth,  Chehyshcv,  and  Elliptic  filler*.  UK  filler*,  unfortunately, 
also  have  the  nonlinear  phase  tlrlay  characteristics  of  their  analog  coun- 
lerpart*  as  well  as  some  unique  problem*  due  lo  finite  arithmetic  trunca¬ 
tion.  FIR  filter*,  on  the  other  bans!,  are  easier  to  implement  digitally  and 
generally  provide  better  delay  characteristic*.  There  are  aslditlonal 
advantage*  In  case*  where  the  sample  rate  i*  to  lie  resluced  after  the  filter. 

The  block  diagram  of  an  FIR  filler  i*  shown  In  figure  1.  In  this  diagram 
the  signal  NtnTl  is  the  digitized  Input  voltage  at  time  t*nT,  where  T  is  the 
time  Isetween  samples  and  n  is  the  sample  numltcr  n»0. 1,2,  —  The  first 
slelay  element  hold*  the  previous  input  value  from  Utn-DT.  The  second 
slelay  hold*  the  voltage  from  tn-2iT,  etc.  Each  delay  block  require*  a  latch 
with  b  bit*,  where  b  Is  the  number  of  bit*  of  precision.  When  a  new  in|wt 
value  at  t»(n-liT  become*  available,  the  previous  value*  are  shifted  one 
place  to  the  right  and  the  value  In  the  last  delay  hloek  is  lost.  An  output 
value  y  (nTt  I*  calculated  by  taking  the  sum  of  all  the  product*  a*  shown. 
Thus, 

ytiiTi «  l^xtnTl  ♦  h|X(tn-l)T|  ♦  ~  ♦  h.slx[tti-N‘*liT)  111 

where  N  ■  the  total  number  of  tap*. 


«nT| 


Figure  1.  Hloek  Diagram  of  Fill  Digital  Kilter. 


The  output  can  be  more  concisely  written  as 
N-l 

jtnTl  «  2  lqxtn-kiT  <2l 

k»0 

Obviously,  for  an  X-tap  filter  a  total  of  X  multiplications  and  additions 
are  required  each  sample  time  to  calculate  the  ouloul  value.  For  an  FIK 
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filter  it*  owffkknl  valor*.  h».  alao  rrpr m nt  tb«  impular  rr*pen*e  whkh 
ha*  additbmal  advaaiagc*  In  *ume  rate*. 

The  frequency  response  of  the  filter  1*  determined  by  the  value*  of  (Hr 
coefficient*.  h'*,  and  it  can  be  shown  that  the  transfer  function  la  given  liy 


N-l 

ll(wl  »  I  M1"*  t3l 

fc*0 

ll  r»n  also  be  *h«wn  that  the  filter  ha*  a  linear  phase  response  (constant 
iW  delay)  if  the  coefficient*  are  symmetrkai  about  the  center  of  the 
filter.  The  filler  of  figure  I  ll,  there  fore,  linear  in  phase  if  h-»  h*  hi  ■  h* 
and  h, »  h»  In  general,  it  It  required  that 

hi  »  Km  i  for  0  k  *  S72  for  N  even  and 
0  h  *  ~  for  N  odd. 

The  absolute  value  of  the  d<?ay  through  the  filter  1*  equal  to  NT/2. 

The  filter  coefficient*  ran  easily  lie  determined  by  a  filter  design  program, 
several  of  which  are  available  to  nm  on  personal  computer*.  The  program 
require*  a*  input*  the  *ample  rate,  the  bandwidth  and  ripple  of  the  pass- 
band,  the  bandwidth  of  the  stopband,  and  the  stopband  attenuation.  In 
some  race*  the  designer  i*  then  naked  for  the  number  of  tap*  and  the 
program  doe*  the  brat  job  poaaible  given  the  available  number  of  tap*.  The 
frequency  response  i*  then  diaplayed.  If  the  specification*  are  not  met,  the 
designer  muat  Incrraae  the  number  of  tap*  and  repeal  the  dealitn  ryele. 
Most  of  the  program*  uae  the  Chebyahev  (minima*)  approximation,  baaed 
on  the  Kerne*  algorithm  to  optlmlw  the  coefficient*.'  The  dealjtner  muat 
lie  aware  that  the  uae  of  finite  arithmetic  may  alter  the  reaponae,  and  the 
program*  normally  allow  the  designer  to  plot  the  reaponae  with  a  a  perilled 
number  of  bit*  of  accuracy  in  the  coefficients.  Scaling  i*  aiao  neceaaary  to 
prevent  overflow. 

The  frequency  reapenae  eharacterlatic*  which  can  be  obtained  are  very 
!mpce**ive  for  a  large  number  of  tap*.  Figure  2  ahow*  the  calculated 
frequency  reaponae  for  a  receiver  using  80-up  KIR  filter*  operation  with  a 
ltbk*/*  rate.  The  re*pon*e  meet*  the  requirement*  uf  MII<-STI)-1MC 
which  rei(ulre*  a  paaaband  from  330  -  3030  lit  with  GO  dK  of  attenuation 
lielow  -:W0  II*  from  the  carrier  frequency  and  alao  above  -WOO  II*.  The 
apeelfieil  delay  dlatortlon  I*  *300  psec;  however,  the  digital  filter  ha*  no 
delay  dlatortlon. 


digital  receiver  might  he  organtied.  Thi*  receiver  might  tune  from  below 
10  kit*  to  perhap*  30  Milt.  Only  the  single-sideband  mode  I*  dlacuaaed, 
although  Independent  aldehand,  AM,  and  PW  ran  alao  he  accommodated 
by  changing  the  software.  In  the  receiver  ahown  in  figure  3.  the  aignal 
from  the  antenna  la  tranaiated  to  a  firal  IK  *hkh  may  be  In  the  region  of 
100  Milt  to  avoid  image  reaponae*.  Thi*  IK  aignal  ia  then  tranaiated  to  a 
second  JK  with  a  center  frequeney,  perhap*  in  the 3*  to  10-Mi  I*  region.  It  i* 
at  thi*  frequency  where  the  primary  analog  aelcctivity  I*  obtained  and 
where  the  cyratal  filter  la  located.  The  aignal  of  thi*  IK  may  now  he 
dlgitiied  with  a  fiaah  A/D  converter  or  it  ean  be  tranaiated  to  a  third 
lower  IK  frequency.  Kor  the  cate  ahown,  a  12-kll*  laat  IK  la  uted  and  a  12- 
bit  A/O  converter  tample*  at  a  3$-k*/#  rate.  The  digital  word*  ,.re  tlien 
inputted  to  the  aignal  proceaaor  ahown  In  figure  3.  Here  the  aignal  i*  firai 
tranaiated  to  baseband  by  multiplying  the  IK  aignal  by  eo*  m*T  and  aln 
tv«T.  Note  that  aince  the  tample  rate  in  thi*  rate  wa*  choaen  to  he  four 
time*  the  IK,  the  aequence  u*nT ■  0.  e/2,  *.  etc.  rcault*  In  eo*  ujff  •  1,0, 
•I,  0. «  and  aln  uwnT  ■  0, 1, 0.  -I,  ...  If  thi*  I*  tlorte,  the  need  to  calculate 
value*  for  eo*  and  aln  I*  eliminated.  If  the  aignal  I*  asm  pled  at  a  high  rale 
with  a  fiaah  A/D  converter,  aay  si  12  Mil*,  then  a  3-MII*  IK  woold  he 
tiaed.  In  the  latter  raae,  a  box-car  filter  would  be  uaed  after  the  mixer 
whkh  would  accumulate  230  aample*  and  then  Input  the  turn*  to  the 
digital  fitter*  at  a  38-kl  I*  rate.  After  the  aignal  I*  tranaiated  to  haachand, 
and  baaeband  in  thi*  cart  i*  the  renter  of  the  audio  hand  rather  than  the 
f requency  of  the  carrier,  low-paa*  filter*  rather  than  bandpa**  filter*  ran 
be  uaed.  ll  i*  beyond  the  acope  of  thi*  paper  to  discos*  the  properties  of 
complex  signals;  however,  we  almpty  Mate  that  uaing  hoth  cot  and  tin 
multiplier*  result*  In  a  complex  *!gnal  which  may  have  dlatlnct  poalllve 
and  negative  frequency  component*.  Theae  frequence*  are  later  tran*- 
latcd  to  the  normal  audio  band  by  the  1IKO. 

We  note  from  figure  3  that  the  filter  In  each  aignal  path  I*  broken  Into  a 
decimation  filler  followed  by  a  aample  rale  reduction  before  the  main 
filter.  The  decimation  filler  narrow*  the  bandwidth  sufficiently  *o  that  a 
lower  aample  rate  can  be  uaed.  Thi*  ha*  two  benefit*.  Kirat,  more  time  I* 
allowed  to  perform  the  multiplication*  of  the  main  filler,  and  secondly, 
fewer  tap*  are  required  to  achieve  the  *ame  transition  bandwidth  If  the 
aample  rate  I*  lower.  An  ACC  algorithm  I*  alao  Included  In  the  aignal 
proceaaor  to  compute  the  ADC  control  voltage  for  the  analog  portion  of 
the  receiver  a*  well  a*  for  the  digital  multiplier  for  fin  d  adjualment  to  the 
gain.  The  purpoae  of  the  analog  ADO  I*  to  prevent  large  aignal*  whkh  fall 
in  the  pa  ax  band  of  the  cry*tal  filter  from  overloading  the  A/D  converter. 
The  block  diagram  of  figure  3  may  typically  require  from  one  to  three 
proce*aor*  depending  on  the  a|>eed  of  the  proceaaor*.  the  lutndwidlh* 
Involved,  and  the  rharacterlxtk*  of  the  analog  rryatal  filter. 


AMlttMX 
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Figure  3.  Analog  Portion  of  Digital  Receiver. 


It  I*  Interesting  to  calculate  the  computation  load  for  a  filter  of  this  type. 
If  the  signal  processor  has  a  multiply-accumulate  Instruction  with  a  100- 
nsec  execution  time,  then  80x(100xl0*)  •  8x10*  sec  are  required  to  calcu¬ 
late  an  output  value.  For  a  10-ks/s  rate,  02.5  psec  are  available  and  the 
chip  would  only  be  13  |>ercent  loader).  The  chip  could,  therefore,  provide 
multiple  simultaneous  filter  functions  or  perform  other  tasks  in  addition 
to  filtering.  Because  of  the  architecture  of  a  digitally  implemented 
receiver,  it  has  been  |>ossible  to  accomplish  more  witli  a  digital  signal 
processor  than  merely  to  provide  filters  implemented  digitally  to  replace 
the  analog  filters.  It  is  very  desirable,  however,  to  use  a  crystal  filter  in 
the  analog  jvortion  of  a  digital  receiver.  These  conclusions  can  be  under¬ 
stood  by  examining  the  architecture  of  a  digital  receiver. 

DIGITAL  RECEIVER  ARCHITECTURE 

The  block  diagrams  of  a  digital  receiver  are  shown  in  figures  3  and  3.  They 
do  not  represent  a  specific  receiver,  but  are  typical  of  the  way  in  which  a 


Figure  3.  Digital  Portion  of  Digital  RCVR. 
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ANALOfl  CRYSTAL  KH.TKK  RKQIURK.MK.NTS 

The  regsuilnt*  which  dctcrmirr  the  requirement*  of  the  analog  crystal 
filler  pcwedlng  the  A/I)  Converter  will  now  Iw  di*eu**ed.  They  ran  most 
rnsily  be  explained  with  the  »W  of  figure*  5,  H  ami  7.  Kigure  S  *Ho«*  the 
frequency  response  of  the  crystal  filter  *hkh  ha*  a  renter  frequency  f, 
equal  in  the  second  IK  and  may  he  in  the  3*  to  10-MiU  r  nr  ion  in  many 
rases.  Here  the  passbnnd  I*  *«umed  to  he  *t  Mix  to  aceontmodate  ail  the 
modes  of  the  receiver.  The  stopband  In  this  case  must  he  na  wider  than  »3) 
hlla  for  a  shape  factor  of  .VI.  Thi*  can  he  seen  from  figure  d  which  aha* a 
the  frequency  spectrum  of  the  12-MU  IK.  We  have  used  the  Kourier  fre¬ 
quency  repceaenlatlon  which  include*  both  poaitive  and  negative  value*. 
Note  that  the  Image  reapanae  of  the  laat  mixer  muat  he  considered,  and  an 
undeaired  signal  2d  hlla  helow  f.  reault*  in  a  signal  at  8  hlla  juat  a*  a 
deal  red  signal  4  hlla  helow  f«  would.  Since  the  ultimate  selectivity  of  the 
digital  filter  remove*  *Iunal*  beyond  *4  hlla,  thi*  I*  acceptable.  However, 
!  w  signal  further  below  in  the  ranee  from  >3d  hlla  to  -2$  hlla  were 
uH  .wed  to  reach  the  mixer,  it  would  fall  in  the  dealred  paaahand.  The 
cry*?  1  filter  ia,  therefore,  required  to  remove  the  image  frequencies. 
Ohviouf.'y,  the  lower  the  final  IK.  the  more  difficult  the  requirement. 


J* 

Kigure  6.  Crystal  Kilter  Keaponae. 
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Kigure  7,  Frequency  Siwetrum  of  Digital  Signal. 


There  I*  yet  another  requirement  on  the  crystal  filter,  and  this  result* 
from  the  samplingor  dig! tiling  process.  When  an  analog  signal  is  sampled 
at  a  rate,  say  f„  the  digital  signal  contains  not  only  the  frequency  spec- 
t  rum  of  the  ssmpled  signals,  hut  the  spectrum  is  related  at  all  harmonics 
of  f..  This  is  shown  in  figure  7,  The  basic  sjtectrum  is  centered  around  zero. 
The  entire  spectrum  is  reproduced  around  frequencies  of  *48  hi  Iz,  *9G  kl  Iz, 
etc.  As  shown,  an  overlapping  region  occurs  between  the  upper  portion  of 
the  signal  centered  at  zero  and  the  lower  )>orliott  of  the  signal  centered  at 
48  kilt.  This  is  shown  hy  the  shaded  area.  Distortion  of  this  tyjte  is 
referred  to  as  aliasing.  Aliasing  cannot  be  allowed  to  fall  into  the  desired 
passband.  in  this  case  within  *4  kHz  of  the  12-ktlz  IK.  The  region  of 
overlap  is  obviously  a  function  of  the  crystal  filter  stopband  which  in  litis 
case  is  the  same  as  the  image  attenuation  requirement.  An  examination  of 
figure  7  shows  that  if  the  crystal  filter  stopband  were  increased,  the 
shaded  region  would  expand  into  the  desired  passband.  The  aliasing 
region  could  also  be  reduced  by  increasing  the  sampling  rate  of  the  A/D 
converter.  For  example,  if  a  DC-kllz sampling  frequency  had  lieen  used,  the 
harmonically  generated  s|>cctra  would  lie  located  at  IW-kllz  increments 
rather  than  at  48  ki iz.  Unfortunately,  the  higher  sample  rate  would  result 
both  in  a  larger  computation  load  for  the  processor  and  a  more  expensive 
A/D  converter.  Therefore,  the  design  engineer  is  faced  with  a  trade-off 
lietween  the  crystal  filter  cost  and  the  digital  hardware  cost.  In  some 
cases,  it  may  also  be  necessary  to  increase  the  passband  of  the  crystal 


filter  to  avoid  n«*il!i  pea*  dl.K.-.ton  In  the  m-i:  ».f  the  final  filter 
passband. 


VKHSATtUTV  OF  Ita.tT'.^  .VtiS .» Pftfr.T.y.SINft 

A*  Indicated  earlier,  one  &.  the  x-’gnif. .  it  M’vntssx*  «{ *<x.ng  digital 
signal  processing  Is  the  abill.,*.  ictijss-  i** ,  •*  "wqt  i«.  t-*"».*tde  multiple 
functions  in  a  receiver  or  an  e- 4  tr 

As  an  example,  figure  8  illustrates  )l.  *,-<  -tHtctu.w  :.en»-n-*x*r  which 
can  simultaneously  recover  hot*  'It  jprev  suit1'  i,  l  U  <-  ?-«wer  Side- 
hand.  In  this  rase  the  lower  f*V  -r  » ■!*?  v»-  4  *  -  Lwtqiv  a  ^'.tWy-vc  phase 
shift  with  respect  to  the  up  -  Mit.q  hw  *  Site?  i;  u-  mrludt  a 
Hilbert  transformer,  in  thisca  ■» film  o-  t^i')  beats 
the  frequency1  of  the  carrier,  if  il  w*r*.  proV.nu  to  :»r-,  f.-.en  if  '-hr  xutputs 
of  the  filter*  are  subtracted,  the  u.'-y-r  sttje’mnd  u  r«sT  i  i  It  they  are 
added,  the  lower  side  hand  Is  feet'  tt-<  ObvewSrj,  hr.h  .so  *.  -cred 
simultaneously  with  nitty  a  smalt  ir/v. '*•.«>  *n  s  ■>'  wmi.-ation  lo-«,  Con¬ 
versely.  In  an  analog  receiver,  a  *eeu<vJ  n-Mt..’*.,,  *•  ezyaial  filter 
would  have  to  he  added,  The  •li.-!i.V  hania.  iv. M  -f*.*S  tcptugrammed 
to  receive  AM  or  CW.  li  could  »*ju  .* ,todut.<v  ;\SK  t.M+s 


Figure  8.  Itiock  Diagram  of  indcjwndenl  Sideband  Receiver. 

The  use  of  1)81*  may  also  have  an  im|>act  on  the  frequency  synthesizer.  We 
recall,  in  thedlscussion  earlier,  that  iheco**v»Tand  sIhjvpiT  compulation 
could  be  eliminated  if  the  sample  rate  Is  chosen  to  lie  four  time*  the  final 
IK  frequency.  If  the  processor  is  programmed  to  generate  these  functions, 
however,  then  the  small  frequency  *k|w,  for  example,  I  Hz  to  1  kHz  can 
also  lie  obtained  in  the  signal  processor.  The  frequency  synthesizer  could 
then  step  In  1-kli*  increments,  provided  the  crystal  filter  jutsslumd  were 
increased  somewhat. 

Il  should  he  mentioned  that  another  class  of  digital  signal-processing 
systems  has  been  built  in  which  dedicated  muhlpller/arcumulatur  chips 
are  used  with  serrate  memories.  Sample  rates  of  several  hundred  ks/s  to 
Ms/s  can  then  lie  obtained.  In  addition,  digital  |iolyphax«  filters  have  been 
built  to  efficiently  provide  many  simultaneous  channels.  System*  of  thi* 
type  can  replace  analog  systems  which  contain  hank*  of  narrow-hand 
receiver*  or  even  wide-hand  receiver*  employing  SAW  filters. 

DSP  chips  designed  primarily  to  perform  filter  functions  have  also 
ap|ieared  in  the  marketplace  and  doubtless  these  chips  will  find  areas  of 
application  in  communications  systems. 

The  systems  described  above  are  certainly  not  exhaustive  of  the  many 
techniques  used  m  digital  signal  processing.  They  do,  however,  illustrate 
several  of  the  mam  constraints  on  the  analog  filters  required  when  DSP  is 
used. 

CONCLUSIONS 

Because  of  the  constraints  and  because  of  the  functions  DSP  can  provide, 
several  conclusions  can  he  drawn  which  may  he  reflected  in  future  equip- 
menis.  Among  these  are: 

1.  In  the  near  future  DSP  will  replace  the  most  exacting  analog  filters, 
particularly  those  requiring  equalizers, 

2.  Receivers  using  DSP  will  often  provide  multiple  banduidths  hy  chang¬ 
ing  coefficients  in  the  software,  and  only  one  analog  crystal  filter  will 
he  required. 
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&  Receiver#  In  the  near  term  wilt  continue  la  use  a  significant  attain 
lection  including  a  crystal  filter.  however.  the  filler  will  haw  a  some¬ 
what  wider  bandwidth. 


1  IWI*  Ha#  I  he  potential  to  replace  larger  an«l  larger  portion#  of  the 
ana  hot  circuit#  and  filler#  in  communication#  hardware,  however.  the 
root  of  high-speed  A/D  converter#  will  limit  wide-hand  digital  signal 
processing  to  specialty  system#  for  #ome  time  to  come. 


5.  Many  receiver#,  particularly  those  requiring  only  one  bandwidth  or 
relatively  wide  bandwidth#  will  likely  remain  anal**  for  #ome  time. 


&  Crystal  filter#  used  in  receiver#  for  direction-finding  and  adaptive* 
array  application#  will  he  required  to  have  low  differential  lime  delay 
even  though  the  shape  factor  may  he  quite  modest 
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Summary 

Phase  noise  In  digital  sates  and  dividers  Is 
Investigated  for  better  theoretical  understanding, 
with  Improved  measurement  techniques,  and  data 
measured  under  carefully  specified  conditions.  The 
goal  Is  to  characterise  digital  hardware  for  more 
predictable  design  of  lov-nolse  phase-lock  loops  or 
similar  applications.  Measurements  to  date  include 
CMOS  and  TIL  gates  and  special  squaring  amplifiers, 
for  three  identifiable  noise  mechanisms  which  will 
be  described.  Measurements  were  first  made  at  1  MHz 
because  of  the  Importance  of  reference  noise  In 
PLL's  (phase-locked  loops). 

Introduction 

A  major  source  of  noise  In  high  performance 
frequency  synthesizers  Is  the  noise  In  digital 
frequency  dividers  and  phase  detectors.  Any  phase 
noise  In  the  digital  chain  Is  carried  through  to  the 
analog  circuits,  along  with  AM  noise  from  the  last 
digital  (limiting)  stage.  The  noise  on  a  PLL 
reference  frequency  Includes  the  frequency  standard 
noise,  the  additional  noise  of  the  squaring 
amplifier,  and  any  other  noise  In  the  digital 
system.  Including  the  phase  detector  and 
Integrator,  Because  of  the  noise  multiplication  of 
most  loops  with  frequency  dividers,  low  noise  design 
requirements  place  a  limit  to  the  amount  of 
multiplication  (loop  division  ratio)  allowed  In  any 
one  loop.  Therefore,  a  quieter  reference  may  result 
In  a  synthesizer  with  fewer  loops. 

This  paper  reports  on  an  IR4D  study  program  to 
characterize  and  analyze  these  digital  noise 
sources.  Although  the  work  Is  not  complete,  the 
results  so  far  are  Illuminating.  The  paper  is 
divided  into  three  sections. 

The  theoretical  section  Includes  the  effects  of 
various  noise  sources  In  phase-locked  loops  and  the 
Increased  phase  noise  due  to  the  Impulse  nature  of 
digitized  signals.  Second,  some  special  noise 
measurement  techniques  for  low  frequencies  are 
discussed,  finally,  measurements  taken  to  date  are 
Interpreted  with  the  goal  of  verifying  principles 
that  will  be  useful  In  analyzing  and  predicting 
noise  performance  of  frequency  synthesizers. 

Uniform  (white)  noise  sources  are  assumed  for 
analysis  purposes,  at  least  within  the  designated 
bandwldths.  Nonuniform  noise  (such  as  1/f)  can  then 
be  analyzed  by  altering  the  white  noise  results 
accordingly. 

Effects  on  Pit's 

fig.  1  shows  the  frequency  response  of  various 
noise  sources,  derived  from  basic  PLL  theory.  The 
closed-loop  response  shown  In  (a)  holds  true  for 
phase  noise  In  the  reference  source,  reference  and 
feedback  dividers,  phase  detector,  and  any  noise 
voltage  on  the  VCO  control  voltage  path,  except 
after  the  Integrating  amplifier  In  a  type-2  loop 
which  1$  shown  In  (b).  VCO  phase  noise  Is  reduced 
by  the  high-pass  effect  shown  In  (c)  for  type-1 
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loops  and  (d)  for  type-2  loops.  These  response 
curves  help  to  determine  the  source  of  noise  when 
applied  to  spectral  plots  of  the  VCO  output.  Note 
that  these  are  not  necessarily  the  resulting  noise 
spectra,  but  they  Indicate  the  way  the  loop  alters 
the  spectrum  of  a  noise  source,  which  often  Is  not 
uniform. 


NOISE  JOUNCE  PUL  OUTPUT  PHASE  NOISE  SPCCTMUM 


fig.  1  PLL  Output  Transfer  functions 
from  Various  Sources 

Theoretical  Considerations 

Due  to  the  lack  of  verified  noise  data,  some 
conjecture  is  warranted  and  even  necessary  to  guide 
the  measurement  effort.  It  Is  hoped  that  the 
various  noise  mechanisms  will  become  understood  and 
used  to  clarify  noise  specifications  and  the 
reporting  of  noise  measurements. 

Individual  Logic  Gate  Noise 

The  logic  gate  Is  the  unit  building  block  for 
most  digital  circuits.  Its  noise  characteristics 
are  needed  to  understand  and  predict  the  noise  of 
dividers  and  phase  detectors.  Of  concern  Is  the 
phase  Jitter  on  one  of  the  logic  transitions  or 
edges,  which  will  eventually  drive  an  edge-triggered 
device.  These  transitions  are  like  the  Impulses  in 
a  sampling  system  and  do  not  necessarily  have  the 
same  spectrum  as  that  seen  on  a  spectrum  analyzer 
for  the  entire  wave.  The  one  exception  Is  the  phase 
detector  where  the  entire  output,  both  phase  and 
amplitude  noise.  Is  of  concern. 

The  gate  output  phase  noise  Is  assumed  to  be 
detected  In  a  'narrow*  bandwidth,  less  than  one-half 
the  gate  switching  frequency,  for  a  PLL  reference 
frequency,  this  band  contains  the  fourler 
frequencies  within  the  PLL  bandwidth,  or  reference 
noise  Input  to  the  loop,  as  In  fig.  1(a).  Three 
major  sources  for  this  noise  are: 

Input  Signal  Phase  Noise:  Obviously,  the 
narrow-band  output  phase  noise  includes  the  Input 
narrow-band  phase  noise  sidebands. 

Input  Voltage  Noise:  Input  noise  voltages  Include 
driving  source  noise  as  well  as  device  Input  noise. 
The  rms  value  of  these  voltages  act  as  a  noisy 
switching  threshold  for  the  driving  signal,  with  a 
zero-crossing  slope  of  Kp  volts/radlan. 
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The  taepllng  effect  of  a  fero-erotslng  detector 
come?  nolle  around  each  harmonic  of  the  twitching 
frequency  to  affect  the  output  traniltlon  time  and 
produce  a  narrowband  demodulated  output,  at  In  a 
sampling  tcope.  The  nolle  output  then  It  the  turn  of 
all  the  harmonic  nolle  tldeband  powert,  at  thown  In 
fig.  2.  8oth  external  and  Internal  paraaetert 
determine  the  gate  Input  circuit  bandwidth,  or 
maximum  tignlflcanl  harmonic  H.  H  It  not  eatlly 
measured.  hut  can  be  estimated  from  other 
meaturementt. 

The  equivalent  Input  phate  nolle  etn(v)  from 
thete  nolle  voltage!  can  be  found  by  dividing  by  Kp, 
and  multiplying  by  /H  (ttncc  power  It  proportional 
to  the  tquarc  of  phate}.  and  by  /2  to  obtain  the 
equivalent  tine-wave  peat  value  tlnce  fit  theory  It 
bated  upon  peat  radiant.  Then  the  output  nolle 

♦$(  v)  «  /H  /2  VCp. 


nxw  W»)»«  lldtfcmUi  In  llnn«w 

Jin*  Wire 

1 
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Input. Signal.  Phaie.Holte;  The  narrow  band  Input 
phate  no  It  Tit  divided  by  N  at  the  output,  according 
to  batle  fit  theory. 

♦o(l»9)  *  ♦ln(t‘9)/» 

wideband  Input  voltage  nolle, 
internal  and  external  to  the  divider,  hat  component! 
which  beat  with  multiple!  of  the  divider  output. 

Thlt  It  due  to  the  tampllng  procett  (not  leakage), 
tgan  (Ref.  2,  pp  75-81)  hat  thown  that  Interfering 
dltcrete  tlgnalt  near  multiple!  of  the  divider 
output  frequency  cautc  difference  frcquenelet  In  the 
output  ipectrum.  Thlt  effect  hat  been  verified  by 
meatureaent  and  It  well  known  for  the  additional 
tpurlout  tlgnalt  In  a  divider  following  a  mixer. 

extending  thlt  principle  to  nolle,  additional 
notie  tldebandt  are  formed  at  thown  in  Mg.  3.  In 
thlt  example  a  divider  Input  frequency  of  2  unltt  It 
divided  by  2  to  in  output  frequency  of  1  unit.  Nov 
there  are  twice  at  many  harmontet  and  twice  the 
nolle  power  from  a  uniform  nolle  tpeclrgm.  in 
genera),  the  retultlng  clote-ln  nolle  tldebandt  at 
the  Input  are  thut  not  only  divided  by  N,  but 
multiplied  by  the  iquare-root  of  N,  to  that  the 
Input  tlgnal  nolle  It  reduced  by  the  tquare  root  of 
n.  Thlt  output  phate  nolle  It: 

♦o(v>  »  'i'o  vn/(K  Kp)  «  eip^N. 


fig.  2  Broadband  Nolle  Effect  on 

Gate  Impulse  llarmonlct  owu*<  input  ckxk 


Thlt  nolle  It  higher  In  low-frequency  iquarlng 
amplifier!  became,  for  the  tame  device  type,  there 
are  more  harmontet  with  a  lower  twitching 
frequency,  low  frequency  nolle  It  alto  more 
tignlflcanl  became  the  nolle  It  divided  down  lett, 
If  at  all.  Thlt  nolle  can  be  reduced  by 
band-limiting  the  Input  tlgnal,  thut  reducing  the 
Input  nolle  at  bateband  and  harmonic  frequencies 
Even  a  low-Q  tuned  circuit  may  help  tlgnlflcantly. 
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Propagation-Delay  Nolle:  Varlattgni  In  the  gate 
propagation  delay  with  time  caute  a  time  jitter 
tj,  If  tj  hat  a  uniform  dlitrlbutlon  with 
reipect  to  frequency,  the  retultlng  output  phate 
nolle  It  the  gate  twitching  frequency  rjjg  timet 
tj.  Thlt  nolle  It  expected  to  be  greater  at  high 
twitching  frcquenelet. 

Total  Gate  Output  Phase  None:  The  total  detected 
output  phate  nolle  power  It  the  turn  of  the 
Individual  noltc  powers  from  these  three  mechanisms: 

♦o2  •  (♦stg)2  •  2H(vh/Kp)2  ♦  (fs1g  ‘  tj)2. 

Note  that  (1)  the  output  from  the  Input  tlgnal 
modulation  Is  Independent  of  rsjg,  (2)  the  effect 
of  broadband  voltage  noise  for  a  particular  device 
type  Is  Inversely  proportional  to  frequency,  since 
the  higher  the  frequency,  the  fewer  the  harmonics, 
and  (3)  the  propagation  delay  noise  Is  proportional 
to  frequency. 


Noise  In  frequency  Olvldcrs 


Dg.  3  Broadband  Noise  Effect  on 
Multiples  of  Divider  Output 

This  may  explain  the  widely  observed  effect  that 
when  frequencies  are  divided  by  N  and  multiplied  by 
K  In  either  order,  the  resulting  output  to  Input 
phase  noise  ratio  Is  higher  than  H/N.  The  higher 
close- In  noise  of  phase  locked  loops  with  lower 
reference  frequencies  and  high  division  ratios  Is 
often  said  to  be  due  to  the  ’high  multiplied. up 
noise’.  It  may  also  be  partly  due  to  the  poor 
division  of  noise. 

Propagation-delay  Noise:  The  propagation-delay 
nolsg  ip  In  dividers  Is  the  rres  value  of  this 
noise  for  H  gates  (n  the  signal  path,  according  to 
the  switching  frequency  fg  and  time  Jitter  tj  for 
each  gate. 

Total  Divider  Output  Phase  Noise:  The  total  divider 
noise  Is  the  rms  value  of  the  above  three  noise 
mechanisms.  Note  that  a  gate  Is  a  special  case 
where  N  >  K  ■  1. 


The  three  noise  mechanisms  of  digital  dividers 
are  similar  to  those  In  Individual  gates,  except  for 
the  division  ratio  N  and  Its  effect  on  sampling,  and 
the  number  of  gates  In  the  signal  path,  operating  at 
different  frequencies. 


*o2  *  (tsIg/K)2  ♦  (vn/Kp)2(2H/N)  .  epl2  ♦  <.pj2  ..  *pm2 

These  mechanisms  are  plotted  In  fig.  4  for  different 
variables. 
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Digital  Phase  Detector  Hols* 

Because  the  phase  detector  Interfaces  with 
analog  circuits,  there  are  special  sources  of  phase 
detector  noise: 

1.  The  phase  noise  of  the  two  digital  Inputs  will, 
of  course,  appear  at  the  phase  detector  output. 
However,  the  rising  edge  of  Its  output  rectangular 
wave  contains  the  noise  of  one  edge  of  one  Input 
wave,  and  the  falling  edge  contains  the  noise  of  one 
edge  of  the  other  Input  wave.  Therefore,  If  a 
divider  Is  to  be  followed  by  a  phase  detector,  the 
divider  should  be  analyzed  for  the  phase  noise  on 
one  edge  only.  The  two  edges  do  not  necessarily 
have  equal  noise  characteristics,  for  example,  a 
saturating  transistor  has  a  noisier  turn-off  than 
turn-on. 

2.  Some  types  of  phase  detectors  operate  with  the 
two  Input  clocks  very  nearly  at  coincidence,  where 
the  output  way  switch  over  only  part  of  the  normal 
voltage  swing.  This  quasl-llnear  mode  may  add  to 
the  phase  noise  output.  This  Is  related  to  the 
nonlinearity  of  the  phase  detector  function  (Kp, 
volts  per  radian)  at  the  coincident  rcglvn. 

3.  AH  noise  Is  found  mostly  on  the  high  and  low 
level  states.  For  a  succession  of  gates  In  a  signal 
path,  the  limiting  effect  of  each  gate  clips  much  of 
the  AH  noise  of  the  preceding  gate,  until  the  last 
gate  before  the  analog  section  of  the  phase  lock 
loop.  The  equivalent  phase  noise  Is  the  noise 
voltage  divided  by  the  phase  detector  gain  constant 
Kp  (In  volts/radlan). 

4.  Both  AH  and  phase  noise  are  Increased  In  digital 
devices  by  noise  on  the  power  supply,  which  often 
modulates  at  least  one  of  the  logic  states 
directly.  Power  supply  noise  also  modulates  the 


device  propagation  delay,  with  resulting  output 
phase  noise.  Intrinsic  propagation  delay  noise  is 
usually  low  at  typical  loop  reference  frequencies. 

HeajuremenL.Technlquei 

An  HPIU4QA  noise  Heasurement  System  Is  used 
because  of  Its  high  sensitivity  (.170  to  >190 
dSC/Ht)  and  automatic  calibration,  tt  IS  comonly 
used  to  measure  dividers  with  high  Input 
frequencies.  Two  dividers  with  their  outputs  In 
quadrature  drive  a  balanced  diode  mixer  acting  as  a 
phase  detector  for  the  divider  noise,  with  the 
signal  generator  noise  greatly  reduced.  Me  wished 
to  measure  Individual  gate  noise  with  carrier 
frequencies  In  the  1  to  10  HHt  range  of  phase 
detector  and  divider  output  frequencies  for  high 
performance  phase-locked  loops.  Sine  waves  from 
frequency  standards  at  these  frequencies  are 
converted  to  digital  signals  In  squaring  amplifiers 
with  a  significant  contribution  to  phase  noise. 

The  test  block  diagram  Is  shown  In  fig.  5.  An 
KP8M2A  signal  generator  was  used  because  of  Us 
good  waveform  at  high  output  levels.  Its  noise 
level  of  -140  dBc/Ht  Is  too  high  for  the 
measurements  desired.  The  following  sections  show 
how  the  generator  noise  was  reduced  for  1  HHt  tests. 


The  signal  generator  noise  In  the  1  HHt  region 
was  reduced  by  over  40  dB  by  adjusting  the  constant 
phase-difference  circuits  (Fig.  6)  For  nearly  equal 
time  delays,  or  nearly  constant  phase  difference 
(90  degrees)  over  the  desired  noise  detection 
bandwidth  (900  to  1100  kHz).  The  colls  are  adjusted 
for  minimum  output  with  frequency  modulation  of  the 
generator,  and  readjusted  for  each  device  under 
ter-t.  With  2S  kHz  modulation  and  500  Hz  peak 
deviation  (-40  dBc  sidebands)  the  output  sidebands 
were  below  -80  dBc.  Amplitude  modulation  at  2JC 
(also  -40  'c  sidebands)  should  be  below  >80  dBc  If 
the  mixer  close  to  exact  quadrature. 


Fig.  6.  Constant  Phase-Difference  All-pass  Filters 
(Values  for  1  MHz  In  uH  and  pF ) 
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for  some  tests,  U  It  alto  necessary  to  reduce 
the  broadband  ger.erator  noise  at  frequencies  other 
than  1  MHz.  A  Hff  and  Iff  combination  are  used  at  a 
Off  (fig.  7),  to  reduce  baseband  nolle  below  100 
kHz,  and  nolle  on  harmonics  from  Z  MHz  up.  Thli 
reiulti  In  a  virtual  ‘noiseless*  (<  -180  d8c/Hz) 
signal  source. 


++ 

n 

a 

S 

3 


»• 

*« 

! 

j 

»•* 

;ia 

til 


III  - 


•  .II  I  M  II  M 


Measuring  nolsewlth.dlgltal jth.yie_dete^Jl,or; 

At  thown  In  fig.  9.  the  diode  miner  phase 
detector  function  It  replaced  by  the  digital  circuit 
under  tcit,  followed  by  a  super  low-noise  LT10I8 
galn-of  3  op-amp  circuit  used  to  drive  the  HP1W40A 
noise  amplifier  50-ohm  Input.  This  test  circuit  has 
a  proven  noise  level  well  below  the  gate  switching 
noise,  as  will  be  shown.  Large  low.  Impedance  HI  Cad 
batteries  with  noise  levels  below  that  of  the  best 
voltage  regulators  are  used  to  minimize  noise  from 
these  sources. 
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fig.  7  HPf-LPf  Response  for  1  MHz  Input 
Heaturlng  noise  with  diode  miner 

fig.  8  shows  measured  noise  from  a  Htnldrcutts 
ZAO-1  mixer.  Because  the  quadrature  outputs  require 
a  precise  load,  they  were  connected  to  the  mixer 
through  6  dB  pads,  with  7  dBm  at  each  port.  The 
upper  trace  shows  the  measured  signal  generator 
noise  by  Itself,  which  Is  reduced  to  below  -180  dOc 
by  the  quadrature  circuit.  The  upper  trace  of  noise 
from  the  mixer  was  made  without  the  Input  LPf  (low 
noise  at  1  MHz,  but  higher  noise  at  harmonics).  The 
next  lower  trace  shows  the  reduction  of  noise  when 
the  LPf  was  added,  reducing  the  broadband  noise 
above  1  MHz.  Lower  noise  levels  have  been  measured 
(Ref.  6.  p.  11)  with  square  waves  from  the  output  of 
TTL  dividers.  Apparently  the  effect  of  the  Input 
slope  affects  mixer  noise  as  discussed  above  under 
gate  noise.  When  used  with  digital  gates  It  Is 
difficult  to  apportion  the  noise  between  the  gates 
and  the  mixer;  therefore,  a  second  approach  Is  used 
for  some  tests. 


fig.  8  Olode  Mixer  Noise  Measurements  at  1  MHz 


fig.  9  NAND-gatc  Phase  Detector  and  Preamplifier 


A  NAND-gate  phase  detector  (fig.  9)  Is  used  for 
measurement  of  Individual  gates  with  the  LTI0Z8 
preamplifier  to  the  IIP11740A.  After  the  APf's  are 
adjusted  for  minimum  generator  fM,  the  bias 
resistors  arc  adjusted  for  minimum  generator  AM 
(accurate  zcro-crosslng  detection).  Over  40  dB 
attenuation  Is  achieved  on  both  AM  and  fM  sidebands. 

Measurements  are  shown  of  'LSOO  TTL  and  'HCOO 
CMOS  gates  under  conditions  of  1  MHz  switching 
conditions  with  the  gate  used  as  a  squaring 
amplifier,  compared  with  a  special  differential 
squaring  amplifier  (fig.  10).  The  steady-state  low 
and  high  logic  levels  were  below  the  system  noise 
with  the  preamplifier.  Note  that  the  levels  shown 
arc  for  two  Independent  gate  Input  noise  sources. 
Noise  from  Input  sources  for  a  single  gate  would  be 
about  3  dB  less. 


fig.  10  Differential  Squaring  Amplifier 

In  the  measurement  shown  In  fig.  11,  the  'HCOO 
CMOS  gate  is  a  lower  noise  squaring  amplifier  than 
the  'LSOO  TTL  gate  In  this  test  with  the  ‘noiseless’ 
driving  signal.  The  differential  squaring  amplifier 
was  noticeably  better  than  cither  gate,  and  the 
switching  noise  Is  greater  than  the  steady-state 
noise  under  the  test  conditions. 
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fig.  11  Gate  Nolle  Measurements  at  1  Milt 
(with  "Noiseless*  Signal  Input) 

A  noticeable  difference  occurred  when  the  Input 
IPf  was  removed  (rig.  12] .  allowing  noise  from  1.4 
8Hz  up  to  be  applied  to  '.he  squaring  amplifier. 

Doth  the  Tit.  and  CMOS  gates  were  now  considerably 
noisier,  and  the  differential  squaring  aopltfler  was 
only  a  little  better.  This  points  out  the  need  for 
bandpass  filtering  Just  before  the  squaring 
amplifier. 


fig.  12  Gate  Noise  Measurements  at  1  MHz 

(with  Broadband  Noise  Above  1.4  Milt 
at  Signal  Input) 

Conclusions 

Tentative  theoretical  analysis  has  shown  three 
noise  mechanisms  In  gates  and  dividers:  narrow.band 
Input  noise,  wideband  Input  noise,  and 
propagation-delay  noise.  Techniques  were  described 
that  allow  measurement  with  an  effective  driving 
signal  that  can  be  essentially  noiseless,  or  with 
narrow  band  and/or  wldo-band  noise,  allowing 
measurements  of  these  three  basic  noise  mechanisms 
In  both  gates  and  dividers.  The  terms  "narrow  band* 
and  "wide  band"  have  been  given  strict  definitions 
to  make  measured  data  more  meaningful. 

Measurements  at  1  MHz  have  shown  differential 
nonsaturating  squaring  amplifiers  to  have  less 
Internally  generated  noise  than  TTl  or  CMOS  gates. 
Noise  both  above  and  below  the  Input  frequency 
modulation  band  can  modulate  the  output.  Olode 
mixers  behave  somewhat  like  squaring  amplifiers,  In 
that  the  output  noise  level  depends  upon  the  Input 
zero-crossing  slopes. 


further  measurements  need  to  be  made  to  verify 
these  principles  and  provide  better  design 
guidelines.  They  Include  similar  measurements  at 
10  MHz  to  determine  the  effect  of  carrier  frequency, 
both  for  gates  and  squaring  amplifiers.  Then  a 
measurement  of  a  1  MHz  output  of  a  divider  with  an 
Input  frequency  of  10  or  100  MHz  will  test  the 
effect  of  division  on  noise.  As  the  Input  frequency 
becomes  higher  and  produces  less  squartng-ampltfter 
noise  at  the  output,  It  may  be  desirable  to  revert 
to  a  diode  mixer  since  It  could  then  be  driven  with 
higher  zero-crossing  slopes.  ECl  and  GaAs  devices 
also  need  to  be  compared. 

It  should  be  evident  from  the  examples  giver,  In 
this  paper  that  measured  noise  levels  of  digital 
devices  need  to  have  an  accurate  detailed 
description  of  the  test  methods  used.  In  addition, 
these  measurements  need  to  be  Interpreted  In  regard 
to  the  Intended  application,  such  as  the  effect  on  a 
PU  output  spectrum. 
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Abstract 

Till*  paper  review*  the  various  definition*  of  phase 
noise  and  change*  In  the  phase  noise  of  a  signal 
under  noiseless  multiplication,  division,  and 
translation.  Next  the  phase  noise  In  selected  non* 
cryogenic  rf  and  microwave  oscillator*  1*  reviewed. 
Using  a  systems  approach  one  can  xynthealxe  a 
microwave  signal  where  the  close  In  phase  noise  Is 
controlled  by  a  low  frequency  crystal  oscillator 
while  the  high  frequency  phase  noise  Is  controlled  hy 
a  microwave  source.  Tills  approach  yields  a  phase 
noise  performance  that  Is  superior  to  that  possible 
with  a  single  source.  Finally  the  phase  noise  of 
various  amplifiers,  multipliers,  and  dividers  is 
compared.  The  phase  noise  of  dividers  while 
generally  Inferior  to  that  of  the  best  multipliers, 
is  often  sufficient  for  most  applications.  Special 
note  should  be  made  that  the  phasa  noise  quoted  in 
the  literature  for  some  dividers  In  perhaps 
pessimistic  and  that  the  phase  noise  of  the  system 
will  often  be  serfosly  affected  If  placed  under 
vibrational  or  thermal  stress. 

Introduction 


Tills  paper  Is  to  reviews  the  various  aspects  which 
govern  the  synthesis  of  signals  with  low  phase  noise. 
The  synthesis  of  such  signals  from  the  rf  roglon  to 
the  microwave  roglon  and  beyond  requires  both  low 
noise  local  oscillators  and  processing  techniques. 

We  therefore  briefly  review  the  model  of  a  signal, 
definitions  of  phase  noise,  and  the  theoretical 
change  of  phase  noise  under  nolsoless  multiplication, 
division,  and  translation.  Next  wo  review  the  phase 
noise  of  selected  non-cryogenlc  rf  and  microwave 
sources.  In  the  rf  roglon  the  low  phase  noise 
sources  are  virtually  all  controlled  by  quart: 
crystal  devices.  At  present  the  best  available 
quarts  dovlcos  have  phase  noise  close  to  the  carrier 
(typically  Fouvicc  frequencies  from  about  0.01  lie  to 
the  half  bandwidth  of  the  crystal  resonators)  which 
varies  approximately  es  S,(f)  ■  K/CQ^P)  ■  v{j/( K^P) 
where  Q  is  the  quality  factor  of  the  crystal,  K  is  a 
constant  for  e  given  level  of  crystal  technology,  and 
v0  is  the  oscillation  frequency.  For  tho  best  quarts 
crystals  currently  available,  K  ■  Qv0  Is  of  order  1.2 
x  1013.  Tho  phasa  noise  far  from  tho  carrier 
generally  depends  only  on  tho  oscillator  technology 
and  crystal  drlva. 
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The  phase  noise  of  microwave  (and  lumped  circuit  t.C) 
oscillators  Is  usually  dominated  by  the  noise  in  the 
sustaining  circuit  at  a  level  determined  by  the 
quality  factor  of  the  resonator.  The  phase  noise  of 
selected  microwave  oscillators  is  compared  to  that 
cbtslned  from  multiplying  various  quarts  controlled 
oscillators  to  tho  same  frequency.  It  Is  shown  that 
the  lowest  phase  noise  microwave  reference  signals 
have  the  phase  noise  within  about  10*100  hits  of  the 
carrier  controlled  by  several  selected  quart:  crystal 
devices  while  further  out  the  noise  is  determined  by 
a  microwave  source. 

The  phase  noise  of  frequency  multipliers  and  dividers 
is  also  explored.  Both  odd  and  evcn*order 
multipliers  offer  phase  noise  which  *s  u.'ually  lower 
than  that  of  available  sources.  Evan-ordev 
multipliers,  however,  tend  to  be  more  sensitive  to 
Input  amplitude  and  environmental  effects  than  odd- 
order  ones.  The  phase  noise  of  several  selected 
frequency  divider*  including  microwave  types  is 
compared.  In  general  tha  phase  noise  of  presently 
available  frequency  divider*  Is  lnforlor  to  that  of 
good  frequency  multipliers  although  It  Is  sufficient 
foe  most  applications.  Ttiore  is  a  wide  disparity 
between  tho  pliaso  noise  quoted  In  tho  literature  for 
emitter  coupled  logic  families  and  that  presented 
here.  Special  attention  must  bo  paid  to  the 
environment  under  which  tho  system  has  to  operate. 
Vibration,  thermal  stress,  or  oluctrlcal  no l so  can 
easily  lead  to  seriously  degraded  performance. 

SI Rnal  Model 

Tho  signal  can  be  expressed  as 


V(e)  -  (V0  +  <(c))  siii[2*v0c  -i  d(O).  0) 


whore  Vq  Is  tho  nominal  peak  output  voltage,  and  vq 
is  tho  nominal  frequency  of  the  signal.  Tho  time 
variations  of  amplitude  have  boon  incorporated  Into 
eft.)  and  the  time  variations  of  tho  actual  frequency, 
v(t),  have  been  incorporated  Into  «(t).  (Complex 
waveforms  such  as  a  square  wave  can  be  expressed  as 
the  sun  of  several  terns  such  as  given  in  equation 
1.)  Tha  actual  frequency  can  now  bo  expressed  as 


w(c)  »  v0 


+  d 


ld(c)l 
2*dc  ’ 


(2) 


The  fractional  frequency  deviation  is  defined  as 
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y(e) 


t><r)»w«  m  d(d(r)) 

”  w#  2*v8dc  ’ 


(3)  frequency  (frequency  translation),  whore  the  output 

signal  contains  the  phase  nolso  of  both  sources  as 
shown  In  equation  8. 


Power  spectral  analysis  of  the  output  signal  V(t) 
combines  the  power  In  the  carrier  v0  with  the  power 
In  *(t)  and  c(t)  and  therefore  is  not  a  good  taethod 
to  characterise  c(t)  or  *(t).  Since  In  tuny  precise 
signals,  understanding  the  variations  In  e(t)  or 
y(t)  is  of  primary  laporlance,  we  will  confine  the 
following  discussion  to  frequency  dooaln  neasures  of 
y(t),  neglecting  c(t)  except  In  cases  where  It  sets 
Units  on  the  neasurcnents  of  y(t). 

Definitions  of  Phase  NoUa 

Spectral  (Pourler)  analysis  of  y(t)  Is  often 
expressed  In  terns  of  Sw(f),  the  arsenal  density  of 
phase  fluctuations  in  units  of  rad2/ll*  of  neasureeent 
bandwidth  centered  nc  Fourier  frequency  f  Iron  the 
carrier  vq.  Intuitively  S-(f)  can  bo  understood  as 
the  nean  squared  phase  deviation  in  a  neasureaent 
bandwidth  1SW  centered  at  Fourier  frequency  f  fron  the 
carrier  as  shown  In  equation  4. 

S#(f)-  *2(f)/BU  rad2/llt  (4) 


Sf(C.Wj)  -  S,(f.v,)  *  S*(f)  nulc/dlv  (7) 


Vf,v2)  -  N2S0(f,v,)  +  K2S^(f ,vrt)()  + 

S*j|  translation,  (8) 


where  vj  «  Nvj  +  Hvref,  Sw(f,vB-r)  is  the  phase  noise 
of  the  reference  signal,  and  5”w)  is  the  equivalent 
extra  noise  added  by  the  synthesis  electronics. 

Tim  llnewldth  of  the  signal  can  change  significantly 
due  to  the  frequency  the  synthesis  process.  Urn 
llnewldth  of  the  signal,  2f»,  can  ba  roughly  defined 
as|2) 


<^>  -  J  S#(f)df  ■  r«dl  .  (9) 


In  practice  the  neasurenent  bandwidth  oust  he  soall 
compared  to  f  especially  when  Sw(f)  Is  changing 
rapidly  with  f.  S„(f)  Is  uniquely  related  to  the 
spectral  density  oT  fractional  frequency 
fluctuations,  Sy(f),  as 


The  fractional  power  of  tho  signal  within  a  Fourier 
frequency  fc  of  tho  carrier  is  given  by  (2) 

re  «  e'^i  .  (10) 


S«(f)»  v2/f2  Sy(f).  (5) 

It  should  be  noted  that  those  aro  single-sided 
spectral  density  censures  containing  tho  phase  or 
frequency  fluctuations  fron  both  sides  of  tho 
carrier.  Other  neasures  encountered  are 
j((f),dBc/Hs,  and  SAv(f).  Those  are  related  by  (1): 

SAv  -  vq  Sy(f)  Ha2/!!* 

^(f)  ”  lSo(0  f,  <! fj  <  -  (6) 

M 

for  ;  SAt)  dr  «  1  rad2 
<1 

dBc/Hz  -  10  log^(r). 

<£(f)  and  dBc/Hs  aro  slnglo  sideband  noasuros  of 
phaso  nolso  which  are  not  defined  for  largo  phase 
excursion  and  arc  thorofora  neasurenent  systca 
dependent.  A  noro  accurato  specification  of  single 
sideband  phase  nolso  would  be  1/2  S9(f),  which  Is 
always  well  defined  (1). 

Vilion  tho  frequency  of  a  signal  Is  changed  by  a 
fractional  onount  N  using  any  conblnation  of  perfect 
multipliers  or  dividers,  S^ff)  is  changed  by  N2.  Tho 
nultlpllcatlon  or  division  process  can  be  nodded  as 
phase  anpllf lcatlon  cr  attenuation.  Therefore 
scaling  the  frequency  by  N  also  scales  the  phase 
fluctuation  by  N  ns  shown  in  equation  7,  where 
S^ff.vji)  is  tho  phase  noise  of  tho  signal  at  carrier 
frequency  V2>  and  S^f.vj)  Is  the  original  phase 
noise  nt  carrier  frequency  vj.  This  is  in  contrast 
to  heterodyning  the  signal  against  a  reference 


An  analysis  of  equations  9  and  10  shows  that  tho 
llnewldth  of  a  signal  grows  relatively  slowly  as  tho 
frequency  is  nultiplied  until  tho  phase  nodulatlon 
duo  the  broadband  noise  (noise  pedestal)  approaches  1 
rad2,  at  which  point  the  llnewldth  can  Increase  nany 
decades  for  snail  changes  In  N.  The  reverse  Is  true 
for  division  (2).  Tito  frequency  at  which  this  abrupt 
change  In  llnewldth  occurs  Is  soooclnos  referred  to 
the  "collapse  frequency." 

Phaso  Nolso  of  Available  Sources 

In  order  to  assoss  tho  Units  of  achievable  frequency 
synthasis  It  Is  helpful  to  rovlow  the  phase  nolso  of 
noalnally  available  sourcos.  TIiq  cost  coaoon  sources 
used  for  precision  frequency  synthasis  are  controlled 
by  quarts  acoustic  dovlcos.  Figure  1  shows  tho 
I/I  Nolso  vs  Q 


Figure  1.  Flicker  of  frequency  levels  of  a  number  of 
quarts  resonator  controlled  oscillators  as  a  function 
of  unloaded  Q  factor.  Adapted  from  (3-5). 
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nominally  best  achieved  phase  noise  1  Hr  from  the 
carrier  for  such  devices  measured  at  the  oscillation 
frequency  (3,4).  this  figure  Includes  both  bulk  wave 
devices  (CAW)  and  surface  acoustic  wave  devices 
(SAW),  Measurements  on  many  quarts  devices  shou  that 
S*(f)  ”  K/(<T f3)  “here  K  depends  on  the  acoustic 
losses  within  the  quarts  and  not  on  the  noise  in  the 
electronics,  Q  is  the  unloaded  quality  factor.  The 
value  of  S_(l  II:)  is  characteristic  of  the  flicker 
frequency  level  achieved  in  these  oscillators  and  not 
the  broadband  phase  noise  which  is  nearly  Independent 
of  frequency.  The  flicker  performance  typically 
dominates  other  effects  for  Fourier  frequencies  of 
approximately  0.01  Hs  to  the  half  bandwidth  of  the 
resonator.  v0/2 Q.  At  lower  Fourier  frequencies, 
drift  and  temperature  effects  often  dominate.  For 
the  best  quarts  resonators  Qv0  -  K  ■  1.2  x  lo'^.  The 
result  of  this  is  tb;c  close-in  phase  n9ixe  of  the 
best  quarts  devices  scales  as  S_(f)  ■  vjj/O^f'). 

Tills  is  in  contrast  to  I.C  oscillators  where  the  phase 
noise  if,  due  to  the  phase  wise  In  the  electronics 
(3,5).  See  Figure  1. 

Figure  2  shows  a  mere  complete  description  of  the 
phase  no Isa  in  three  different  oscillators  unde' 


U>o  Fourier  Frequency  (Hz) 

Figure  2.  Phase  noise  of  three  selected  UAW 
controlled  oscillators  as  a  function  of  Fourier 
frequency  offset  from  the  carrier. 

benign  laboratory  conditions.  Wear  the  carrier  the 
phase  noise  is  usually  dominated  by  flicker  frequency 
at  a  leval  given  by  figure  1.  At  larger  Fourior 
frequencies,  the  phasu  noise  Is  determined  by  the 
added  noise  of  the  electronics  and  the  signal  level 
in  the  resonator.  Figure  3  shows  the  phase  noise  of 
the  oscillators  of  figure  2  multiplied  to  X-band, 
assuming  a  perfect  multiplier  chain.  Figure  3  shows 
that  a  composite  oscillator  system  would  provide 
better  phase  noise  ouor  a  wide  region  of  Fourior 
frequencies  than  a  single  os.lllator.  This  could  bo 
accomplished  by  phase  locking  the  IN  100  Mils 
oscillator  to  the  LN  S  Mils  oscillator  at  a  unity 
bandwidth  of  approximately  400  lie  which  is  in  turn 
locked  to  the  LD  S  Kile  oscillator  at  a  bandwidth  of 
approximately  10  lie  [6].  The  oscillators  chosen  for 
this  example  are  only  used  to  Illustrate  the  system 
approach  to  providing  a  reference  frequency  and  may 
not  be  optimum  for  all  situations.  Specifically,  SAW 
oscillators  at  several  hundred  Mile  havo  very  low 
phase  noise  and  could  be  used  to  reduce  the  wideband 
phase  noise  even  further  [3,7].  One  could  also 
consider  using  a  quarts  post  filter  to  reduce  the 
wideband  phase  noise. 


Phase  Noi$o  al  X  Oand 
of  Multiplied  Quant  Oscillators 


Lt>0  Fourier  Frequency  (Hz) 

Figure  3.  Phase  nolxo  of  the  oscillators  displayed 
in  Figure  2  multiplied  to  10  Oils. 


Under  field  conditions  the  performance  is  often 
compromised  by  ordars  of  magnitude  due  to  the 
vibration  sensitivity  which  for  quart:  devices  is 
typically  of  order  dy  ■  2  x  10  *‘'/g  acceleration. 

(For  a  review  see  references  8  and  9.)  If  tho 
vibrations  are  severe  enough,  tho  power  in  the 
carrier  can  bo  lost  as  described  above  (2). 

Microwave  oscillators  also  have  a  relatively  high 
vibration  sensitivity  which  in  some  cases  is  worse 
than  that  of  quart:  oscillators.  Recently,  selected 
units  showing  something  of  an  order  of  magnitude 
improvement  have  been  tested.  Also  It  has  been 
possible  to  reduce  this  sensitivity  for  Fourier 
frequencies  up  to  several  hundred  lie  using 
compensation  techniques  (8).  Tills  adds  considerable 
complexity  to  ilm  oscillator.  Temperature  variations 
generally  affect  the  long-term  frequency  of  the 
oscillator  and  not  tho  phaso  noisa  for  frequencies 
above  about  0.1  lit. 

Figure  4  shows  a  comparison  of  tho  phase  noise  from 
an  optimum  combination  of  tbo  multiplied  quart: 
oscillators  shown  in  figures  2  and  3  along  with 
several  nlcrowava  oscillators  at  X-band  (10).  below 
Fourier  frequencies  of  some  tens  of  kliz,  the 
multiplied  quart:  oscillators  generally  have  the 
lowest  phase  noise  and  are  often  used  to  phaso  lock 
microwave  sources.  With  nodarn  solid  state  amplifiers 
It  Is  possible  to  ralso  the  power  lovol  of  thaso 
sources  to  at  least  watts  without  serious  compromise 
of  tho  phase  noise.  Figure  5  shows  tho  phaso  noise 
of  several  CaAs  FET  amplifiers  along  with  that 
traditionally  measured  In  Si  bipolar  amplifiers  up  to 
about  1  GHz  111).  Also  included  is  tlia  typical  phaso 
noise  of  a  double  balanced  mixer  using  Scliottky 
diodes. 

Tho  wideband  phase  noise  of  the  available  nlcrowava 
oscillators  Is  naarly  universally  dominated  by  the 
added  phase  noise  of  the  sustaining  circuit, 

S9(f,Amp)  [3,12],  and  tho  loaded  resonator  quality 
factor,  as  shown  in  equation  11  .  Tills 
relationship  is  easily  derived  from  the  phase  shift 
around  the  loop  required  for  oscillation,  and  tho 
induced  fractional  change  in  oscillation  frequency 
due  to  small  phase  fluctuations,  £9,  given  in 
equation  12. 
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Phase  Noise  at  X  Oand 


Log  Foutlcr  Frequency  (H:) 

Figure  A,  Curve  A  In  the  theoretical  phase  noise 
performance  of  a  signal  optimally  synthesised  from 
the  multiplied  uartz  controlled  oscillators  from 
figure  3.  Curve  B  Is  the  phase  noise  of  a  free 
running  Gunn  oscillator  (10),  Curve  C  is  phase  noise 
of  a  klystron,  Injection  locked  to  the  reflected 
signal  from  a  transmission  cavity  with  an  unloaded  Q 
of  50,000  (10).  Curve  D  Is  the  phase  noise  of  a  Gunn 
oscillator,  Injection  locked  to  the  reflected  signal 
from  a  transmission  cavity  with  an  unloaded  Q  of 
50,000  (10). 


Added  Plus*  Noise  by  Amplilitu 


Figure  5.  Curve  A  is  the  phase  nolso  added  to  the 
signal  from  a  HF.SFET  amplifier  operating  at  10.6  Gils. 
Curve  B  Is  the  phaso  noise  of  a  MF.SFET  amplifier 
operating  at  1.4  Gils  (11).  Curve  C  Is  the  phaso 
nolso  performance  of  a  generic  silicon  bipolar 
amplifier  for  frequencies  up  to  about  1  Gils  with  the 
emitter  roslstar.ee  capaeltlvoly  bypassed.  Curve  D  Is 
the  performance  of  generic  silicon  amplifiers  with 
some  unbypassod  emitter  resistance,  the  nominal 
value  required  Is  the  reciprocal  of  tho 
transconductanco  (14,16). 


ly  -  1/(2Ql)2  SQ(f ,Amp) 

01) 

o  ■  n2s  Am  **  2Q^dy 

n  ■  0,1,2. . . 

02) 

Very  close  to  tho  carrier  tho  phase  noise  Is  often 
dominated  by  the  frequency  drift  of  tho  resonator. 

Wo  know  of  no  data  which  shows  that  the  phase  noise 
of  quality  L-C  (Including  cavity)  oscillators  at  all 
Fourier  frequencies  beyond  a  feu  Ha  is  not  dominated 
by  the  sustaining  circuit  (3,5).  Figure  1  shows  c'ata 
from  two  different  LC  oscillators  where  the  phase 
noise  is  from  25  to  86  dB  loss  than  that  expected 


from  a  quarts  oscillator  of  similar  Q  factor  (5). 
Therefore  improvements  In  the  phase  noise  of  the 
sustaining  circuits  and  or  Improvements  In  loaded 
quality  factors  would  directly  translate  Into  better 
phaso  noise  of  the  oscillators.  This  Is  In  contrast 
to  the  crystal  controlled  oscillators  where  the  phase 
noise  within  tho  half  bandwidth  of  the  resonators  is 
usually  dominated  by  noise  In  the  quarts  resonator 
(3, A). 

Figure  6  shows  one  method  of  reducing  the  wideband 
phase  nolso  of  a  source  by  using  a  reference  cavity. 

toe  cm  oss 


Fiecu«ncy 


Figure  6.  One  possible  scheme  for  locking  an 
oscillator  to  the  center  of  an  external  cavity  with  a 
fast  loop  In  order  to  lmprovo  the  phase  noise  out  to 
Fourier  fraquunclos  of  order  several  HHz.  The  low 
nolso  performance  In  primarily  duo  to  tho 
availability  of  ultra  low  nolso  double  balanced 
mixers.  Also  shown  Is  a  method  of  phaso  locking  the 
system  to  a  multiplied  quarts  reference  signal.  See 
also  (13). 


Tho  key  practical  point  hero  is  that  tho  phase  noise 
of  the  locked  system  is  limited  by  tho  expression  in 
equation  11  with  tho  phase  nolso  now  given  by  that  of 
tho  double  balanced  mixar.  Considerable  improvement 
ir.  phase  nolso  is  possible  over  that  available  from 
traditional  microvavo  oscillators  using  a  reference 
cavity  of  similar  Q  factor,  slnco  the  phase  noise  of 
a  good  microwave  double  balancad  mlxor  is  typically 
some  30  dB  bettor  than  that  of  presently  available 
microwave  amplifiers.  Figure  7  shows  the  expected 
performance  with  a  loop  bandwidth  of  about  2  KHz. 
Truly  extraordinary  performance  might  be  expoctod  if 
the  present  revolution  in  high  temperature 
superconductivity  load  to  high  Q  room  temperature 
cavities  (5,13). 
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Figure  7.  Curve  A  show*  the  theoretical  phase  noise 
perfortaanco  of  a  signal  optimally  synthesised  from 
the  quarts  oscillators  of  figure  3.  Curve  B  shows 
the  theoretical  noise  floor  of  the  scheme  shown  In 
figure  6  A  for  a  reference  cavity  0  factor  of  20,000, 
a  noise  In  DBHj  of  S,(f)  -  10*‘'*/f,  and  a  phase 
sensitivity  of  0.5  V/ rad.  Curve  C  shows  the  generic 
performance  of  a  Gunn  oscillator,  and  curve  D  shows 
the  performance  of  a  DRO  oscillator.  Curve  £  shows 
the  approximate  phase  noise  expected  from  the  10.6 
Cits  oscillator  locked  to  an  external  reference  cavity 
using  the  scheme  shown  In  figure  6a  with  a  loop 
bandwidth  of  2  Hllz  and  the  assumptions  used  In 
calculating  curve  B. 


Comparison  of  Nolso  Floor 
for  Different  Techniques 


Figure  8.  Curve  A  Is  the  phase  nolxe  of  a 
traditional  class  c  doubler  with  capacitive  bypassing 
of  the  emitter  reslster  (14).  Curve  8  Is  phase  noise 
of  the  sane  doubler  with  34  ohms  of  unbypassed 
emitter  resistance.  Curve  C  Is  the  phase  noise  of  a 
full  wave  bridge  doubler  using  Sehotlky  diodes. 

Curve  D  Is  the  phase  noise  of  a  5  to  25  Hlls 
multiplier  using  emitter  coupled  pairs  (15).  For 
comparisons  the  phase  noise  In  typical  double 
balancod  mixers  is  shown  in  curve  E. 


Phase  Noise  of  Selected  Multipliers,  and 
Dividers, 

The  added  phase  nolso  duo  to  frequency  multiplication 
can  bo  spectacularly  low.  Figure  8  shows  tho  phase 
nolso  that  was  measured  on  a  traditional  class  c 
doubler  with  and  without  emitter  bypassing  (14),  a 
fullwavo  doubler  using  Schottky  diodes,  and  a 
qulntuplor  using  emitter  coupled  pairs.  The 
traditional  oven-order  multipliers  are  particularly 
sensitive  to  phaso  variations  with  amplitude  and 
environment  slnco  tho  zoro  crossings  of  tho  output 
are  not  directly  associated  with  thosn  of  tho  input. 
In  tho  odd-ordor  multipliers  such  as  tho  emitter 
coupled  pair  examined  by  Baugh  (15),  tho  zoro 
crossings  of  tho  output  aro  closely  tied  to  that  of 
tho  Input  and  theso  devices  show  relatively  low 
sensitivity  to  input  power  level  and  circuit 
parametors.  In  all  these  devices  particular  care 
must  bo  paid  to  providing  sufficient  unbypassed 
emitter  impedance  in  order  to  suppress  tho  flicker 
phase  modulation  In  the  active  junction  (14,16). 

Tho  phaso  nolso  of  frequency  dividers  and  digital 
circuits  In  general  Is  not  very  well  documented.  Wo 
have  measured  tho  noise  in  sovoral  families  of 
emitter  coupled  logic  (ECL)  and  have  obtained  numbers 
which  are  generally  6  to  20  dB  better  than  that  in 
tho  literature  (17-20).  Figure  9  shows  tho  phase 
noise  that  wo  measured  for  several  families  of  divide 
by  20  circuits  versus  input  frequency.  In  all  cases 
the  phase  nolso  was  referred  to  the  output  frequency. 
We  found  that  special  care  was  needed  In  order  to 
cancel  the  phase  noise  of  the  driving  source. 
Specifically  in  one  divide  by  10  circuit  where  tho 


Output  Phase  Noise  ol  ECL  Divider*  at  *  20 


Figure  9.  Shows  tho  output  phaso  nolso  which  wo 
measured  for  3  different  configurations  of  F.CL  logic. 
Curve  A  was  obtained  using  tho  schcmo  shown  In 
divider  1  for  both  channels  of  flguro  10.  Curve  B 
was  obtained  using  tho  schcmo  shown  in  divider  2  for 
both  channels  of  figure  10.  Curvo  C  was  obtained 
using  tho  scheme  shown  In  divider  3  for  both  channels 
of  figure  10.  In  order  to  achieve  these  results  it 
was  necessary  to  trim  the  level  of  tho  low  noise 
power  supplies,  to  use  a  very  low  nolso  frequency 
synthesizer  for  the  source,  and  to  adjust  tho  count 
of  tho  dividers  to  obtain  -  90*  phaso  shift  between 
tho  outputs.  A  low  noise  buffer  amplifier  to 
translate  the  logic  levels  to  +10  to  +13  dBm  drive 
for  the  mixers  was  also  necessary. 


516 


vavafom  was  not  symmetric,  vo  fount)  that  the  source 
noise  dominated  the  neaxurenents.  Adding  a  divide- 
by-2  circuit  improved  the  measured  noise  by  10  to  30 
dB,  which  is  nuch  more  than  the  6  d&  expected  fron 
the  division  process.  Originally  the  measured  phase 
noise  was  vary  sensitive  to  the  bias  voltage.  After 
adding  the  dlvlde-by-2  circuit  the  phase  noise  was 
Independent  of  the  bias  voltage  as  long  as  it  was 
within  the  manufacturer  specifications.  We  used  a 
symmetric  push-pull  buffer  to  translate  the  digital 
signal  to  a  fora  appropriate  to  drive  the  double 
balanced  alxer  as  shewn  in  figure  10.  These  buffer 
Aapllflers  have  a  snail  signal  gain  of  about  6  dB  and 
typically  drive  a  SO  oha  load  at  +13  dBa.  The 
buffers  are  followed  by  3  dB  pads  in  order  to  reduce 
the  standing  wave  ratio  on  the  cables  leading  to  the 
alxer.  This  also  greatly  reduces  the  variations  in 
the  dc  output  of  the  aixur  due  to  changes  in  the 
Signal  aaplltude  or  tenperaturo  variations.  Typical 
alxer  sensitivities  were  0.3  to  1  V/rad  at  the  zero 
crossing.  Figure  11  ceapares  the  quoted  phase  noise 
for  several  different  divider  types  available  in  the 
literature.  We  suspect  so m  of  the  data  in  the 
literature  were  Halted  by  the  source  noise  and/or 
the  output  circuit  used  to  drive  the  alxer.  The 
phase  noise  of  our  buffers  is  so  low  as  not  to 
contribute  to  the  noise. 
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division  factors  are  possible  using  even  order 
aultipllCAtion  within  tho  loop.  Tills  design  should 
operate  to  frequencies  in  excess  of  AO  GHz  using 
present  technology. 


Figure  11.  This  figure  shous  the  output  phase  noise 
of  several  types  of  dividers.  Curve  A  shows  the 
phase  noise  of  a  divider  constructed  using  GaAs 
lletrojunction  bipolar  transistors.  Curves  B  and  II 
show  the  output  phase  noise  of  a  GaAs  HESFET  based 
divider  for  in  input  frequency  of  1  Gila  and  500  Hlla 
(17).  Curve  C  shous  the  phase  noise  of  the  silicon 
ECL  divider  I  of  figure  10.  Curve  D  shows  the  phase 
noise  of  a  paraaotrlc  divider  that  can  operate  as 
high  as  18  Glia  (20).  Curve  E  and  F  show  the  phase 
noise  of  two  types  of  silicon  ECL  dividers  fron  (17). 
Curve  G  shous  the  phase  noise  in  a  TTl.  divider  fron 
(17). 
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Figuro  12.  Block  diagran  of  a  solf  starting 
regenerative  divider  (21).  This  schuno  should 
oporaco  with  prosently  available  technology  to  at 
least  A0  Glia. 
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Figure  10.  Shows  the  block  diagran  of  tho 
naasurenont  set  up  for  tho  phase  noiso  measurements 
shown  in  Figure  9.  '.Certain  conaorclnl  devices  aro 
identified  in  this  paper  in  order  to  adequately 
spocify  tho  exporlnental  procedure.  Such 
identification  does  not  inply  recommendation  or 
endorsenent  by  the  National  Bureau  of  Standards,  nor 
docs  It  inply  that  the  devices  Identified  are 
necessarily  the  best  available  for  tho  purpose). 

Stono  (21)  has  brought  to  our  attention  a  type  of 
regenerative  divider  which  is  self  starting  and 
should  have  very  low  noise,  perhaps  United  only  by 
tho  available  amplifiers.  The  general  concept  shown 
in  figure  12  is  slnllar  to  that  used  in  divider 
circuits  20  years  ago.  We  have  not  had  tho  tine  to 
measure  the  phase  noise  in  such  circuits  but  have 
denonstrated  that  it  can  be  used  to  divide  by  2,  A, 

6,  8,  and  10  with  a  suitable  eaittor  coupled  pair 
multiplier  in  the  feedback  loop.  Obviously  other 


Conclusions 

Wa  have  shown  that  in  genaral  a  conposlte  system  is 
capable  of  synthesizing  reference  signals  with  batter 
phase  noise  than  that  of  any  single  source.  In  such 
a  system  a  multiplied  low  frequency  quartz  controlled 
oscillator  generally  controls  tho  phasa  noise  close 
to  the  carrier  while  tho  wideband  noiso  is  dotornlnod 
by  a  highor  frequency  quartz  oscillator  and/or  by  a 
nicrovava  oscillator.  Frequency  nultipllnrs 
generally  have  lower  phase  noise  than  present 
dividers,  although,  the  noise  in  several  typos  of 
dividers  is  sufficient  for  nany  applications.  The 
phase  noise  of  quartz  controlled  oscillators  is 
determined  by  the  acoustic  losses  In  the  quartz  and 
therefore  is  not  likely  to  improve  significantly. 

The  phase  noise  of  LC  and  cavity  controlled 
oscillators  is  due  to  the  phase  noise  of  the 
sustaining  amplifier  and  is  likely  to  improve 
significantly.  In  some  applications  environmental 
effects  can  significantly  degrade  performance. 
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LOW  NOISE  AIRBORNE  SYNTHESIZER  FOR  FREQUENCY  ACIL5  RADAR 


A>  Vulcan  and  M.  Rloch 
Frequency  Eleetreniea,  Inc. 

Mitchel  Field,  NY  11553 

Summary 

A  lew  n'.'ise,  KU-fiand  synthesiser 
developed  for  u«e  in  a  high  performance  fighter 
aircraft  radar  ia  described.  The  synthesiser 
incorporate*  both  direct  and  indirect  technique* 
to  generate  exceptionally  pure  aignala  with  low 
phaae  Jitter  and  apurioua  content.  Fast 
switching  speed  and  phase  noise  of 
-12$  dBc/llz  from  10  Kilt  to  AO  Nils  is  obtained 
The  radar  operates  in  an  environment  which  has 
a  high  level  of  random  vibration  and  static  C 
loading,  and  the  mechanical  design  incorporates 
vibration  isolation  techniques.  The  selection 
of  synthesiser  electrical  parameters  also 
assures  optimum  performance  over  the  full  range 
of  mechanical  stresses.  The  master  oscillator 
from  which  the  various  fixed  and  ateppable 
frequency  outputs  are  derived  uses  an  SC  cut 
crystal  with  a  C  sensitivity  of  less  than 

J  x  io",0/e. 

In  order  to  fit  within  an  existing  package  site, 
the  control  and  test  functions,  as  well  at 
several  KF  subassemblies  are  hybridised  in 
hermetically  sealed  thick-film  assemblies.  Two 
fixed  1'IIF  and  L-Band  sinewaves  and  3  sec*  of 
digital  clock  signals  are  produced.  Electrical 
and  physical  isolation  of  individual  functional 
elements  insures  chat  cross-talk  does  not 
perturb  the  KU-Band  output  frequency. 

System  Description 

The  development  of  the  KU-Band  synthesiser  empha¬ 
sise*  low  phase  noise  performance  over  severe 
environmental  conditions  while  maintaining  elec¬ 
trical  characteristics  which  are  compatible  with 
high  resolution  airborne  multi-mode  radar  require¬ 
ments.  The  major  features  are: 

•  Fast  Warm-Up 

-  SC-Cut  Crystal  in  Master  Oscillator 

-  Thick  Film  Hybridized  Oscillator 

-  Booster  Oven 

-  Low  Thermal  Inertia 

•  Low  Phase  Noise  During  Vibration 

-  Mechanical  Vibration  Isolation 

-  Low  C-Sensitivity  Crystal 

-  Encapsulancs  and  Adhesives 


»  Lou  Spurious  Signals 

-  Multipole  Crystal,  Helical,  and  Cavity 
Filters 

-  Generation  of  KU-Band  Output  by  Dual  Conver¬ 
sion  Technique  Minimizes  Spurious  Signals 

-  High  Isolation  Between  Functional  Croups 

•  Small  Size  -  Light  Weight 

-  Thick  and  thin  Film  Hybrids 

-  Surface  Mounted  Miniature  Components 

-  Integrated  Subassemblies 

-  High  Dielectric  Constant  Subscratcs 
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Tito  first  two  features  are  implemented  in  the 
system  by  proper  design  «f  the  master  oscillator 
which  supplies  a  VIIF  reference  signal  to  the 
synthesizer.  The  reference  source  is  a  dual 
oven.  Butler  oscillator,  using  an  SC  cut  crystal. 
The  oscillator/buffer  amplifier  and  oven  con¬ 
trollers  are  hybridised  in  order  tu  minimise 
size  and  weight.  The  components  within  the 
master  oscillator  are  staked  to  the  supporting 
structure  and  the  overall  assembly  is  encap¬ 
sulated  with  a  low  density  foam  material.  The 
master  oscillator  is  suspended  in  a  mechanical 
isolation  structure  which  attenuates  low  freq¬ 
uency  vibration  inputs  while  encountering  6  C 
static  loads  in  any  axis. 


Direct  synthesis  is  used  to  cnho.H'  -peed  and 
minimise  system  phase  noise.  A  nigh  degree  of 
filtering  is  used  within  the  synthesiser  to 
keep  the  spurious  signals  at  extremely  low 
levels.  A  crystal  filter  at  150  MHz,  as  well 
at  helical  filters  at  UIIF  frequencies,  and 
cavity  devices  at  KU-Band  reduce  the  spurious 
signals  to  level*  below  -60  dBc. 

The  size  and  weight  of  the  synthesizer  is  mini¬ 
mised  through  the  use  of  thick  and  thin  film 
hybrid  components  and  the  use  of  integrated 
subassemblies  to  a  maximum  extent.  The  various 
function*  are  grouped  and  packaged  in  separate 
mechanical  chassis  to  facilitate  maintenance 
and  reduce  manufacturing  and  test  tiae. 

Performance  Characters!  tH* 

Digital  clock  signals  as  well  as  RF  sinewaves 
at  various  microwave  frequencies  are  synthesized 
from  the  master  oscillator.  Dual  KU-Band  out¬ 
put*  step  over  a  I  Gils  range.  The  specifications 
tor  the  KU-Band  Synthesizer  .tc  summarised  below. 


•  Output  F. equcncic* 

-  $0  Mils 

-  23  Mils 

-  12  MHz 

-  165  MHz 

-  L-dand  selectable 

-  KU-Band 


•  Frequency  Stability 

-  ♦/- 2  PPM  Accuracy  for  Ten  Years 

-  Stabilize  to  *1-2  PPM  of  Nominal  2  Minutes 
after  Turn-On 

•  Spurious  Signals 

-  -60  dBc 

•  Phase  Noise 

- A6  dBc/llz  at  35  Hz  for  0.7  G^/Hz  Input 

- 121  dBc/llz  Floor  at  10  KHz 
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•  sue 

-  6.5  Inches  Wide  x  6.0  Inches  High 
x  8.0  Inehes  Long 

•  Weight 

-  12  pounds 

The  frequency  characteristics  of  the  synthesiser 
outputs  are  determined  by  the  long  and  short 
term  stability  of  the  VIIF  master  oscillator. 
The  crystals  are  selected  for  low  aging  since 
the  radar  mission  dictates  that  the  frequency 
shall  be  within  «/-2  PPM  for  a  10  year  period 
without  adjustment.  Stabilisation  of  the 
frequency  to  »/-2  PPM  occurs  within  2  minutes 
of  turn-on  since  an  oven  current  boost  circuit 
provides  immediate  warm-up.  A  hybridised 
oven  controller  is  designed  to  minimise  over¬ 
shoot  and  ensure  that  the  frequency  vs.  temper¬ 
ature  characteristics  remain  within  a  0.1  PPM 
window  for  ambient  temperatures  ranging  from 
-5S*C  to  «8S*C. 


Since  the  output  signal  is  derived  by  direct 
synthesis,  the  Ku-Rand  phase  noise  is  degraded 
oy  approximately  SO  dll  relative  to  the  master 
oscillator.  The  contribution  of  the  channel 
stepping  oscillator/multipliers  is  minimised 
since  the  selected  channel  frequency  is  mixed 
with  the  multiplied  signals  and  conscqu.Hl’>, 
the  phase  noise  requirements  are  less  man  the 
LO's  derived  by  direct  multiplication. 


F.leccrical  Design 


bingle  sideband  phase  noise  is  related  to 
frequency  deviation  A(  and  modulation  frequency 
fm  by? 

L(f)  ■  20  1.0 cf  AJ_\ dHc/llz 

w 

In  the  presence  of  random  vibration  "V 

0  liz 


Af  ■  JTT  x  fo  x  S 


Where  fo  is  oscillator  frequency  and  S  is 
oscillator  vibration  sensitivity  in  parts 
per  C. 


Thus,  t(f)  - 


{nr  x  fo  x  sNibc/us 

.  ft”  - 1 


In  the  synthesiser,  vibration  induced  oscillator 
phase  noise  is  enhanced  by  69  dti  when  trans¬ 
lating  from  55  Mil*  to  15  GHz. 


The  random  vibration  level  which  the  synthe¬ 
siser  is  subjected  to  in  the  aircraft  is 
approximately  3C  RMS.  The  spectrum  peaks  at  35  Its 
and  it  is  this  energy  which  must  he  reduced 
by  the  vibration  isolator  to  insure  that  the 
radar  requirement  is  met.  This  limit  is  plutted 
in  Figure  2  where  the  dynamic  phase  noise  is 
plotted  at  offset  frequencies  from  10  lla  to 
100  Mils. 


Figure  I  is  a  block  diagram  of  the  KU-Hand 
synthesiser.  The  master  oscillator  is  the  ref¬ 
erence  source  for  «ll  oumur  frequencies  and 
is  the  only  subassembly  (nut  is  vibration 
isolated.  Thu  blocx  diagram  illustrates  how 
the  various  output  signals  are  generated  through 
multiplying  and  mixing.  The  channel 
atep  synthesiser  consists  of  crystal  oscil¬ 
lators  and  hybrid  XI0  multipliers  whose 
outputs  are  phase  locked  to  the  VIIF 
master  oscillator.  The  appropriate 
output  of  the  oscillator/multiplier  bank  is 
selected  by  a  high  speed,  high  isolation  pin 
diode  switch.  Since  Che  loops  are  always  locked 
to  the  reference  signal,  there  are  no  loup  dy¬ 
namic  considerations  which  influence  the  switch¬ 
ing  speed.  Swicchable  LO's  and  switchable 
filter  banks  ensure  chat  the  system  spurious 
signals  are  kept  ac  a  level  consistent  with  the 
radar  requirements. 

The  major  criteria  determining  the  loop  band¬ 
width  of  Che  phase  locked  oscillators  is  the 
random  vibration  spectrum  which  the  synthesizer 
is  subjected  to.  The  loop  bandwidth  of  the 
channel  select  synthesizer  must  be  sufficiently 
large  to  ensure  that  system  phase  noise  is 
determined  only  by  the  vibration  isolated 
master  oscillator.  Since  Che  contribution  of 
random  noise  above  2  KHz  is  neglibiblc,  and 
Che  crystal  oscillator  output  is  multiplied 
by  a  factor  of  10,  the  loop  bandwidth  is  kept 
at  approximately  15  KHz.  This  ensures  chat  the 
phase  noise  contribution  of  the  channel  step 
synthesizer  is  minimal  and  that  the  loops  remain 
locked  over  full  environmental  extremes.  Using 
this  approach,  the  Kl'-Band  phase  noise  is  deter¬ 
mined  solely  by  the  vibration  induced  noise 
in  the  reference  oscillator  mulcipled  by  20  LOG  N. 


Since  che  phase  noise  under  vibration  is 
uireecly  proportional  to  the  crystal  C  sensi¬ 
tivity,  every  try* cal  manufactured  for  use 
in  the  synthesizer  is  subjected  to  a  sine 
vibration  sweep  in  the  3  orthogonal  axes  Co 
characterize  tin-  devices.  In  che  operational 
environment,  t»e  worst  vibration  is  encountered 
in  the  aircrat  vertical  axis  and  consequently, 
the  best  crystal  axis  from  the  standpoint  of 
minimum  vibration  sensitivity  is  aligned  with 
this  axis.  This  is  done  within  the  oscillator 
assembly  during  che  alignment  procedure.  Each 
completed  oscillator  is  again  characterized 
for  both  sine  and  random  vibration  spectra 
response  after  alignment  is  completed.  This 
hard  mounted  cesc  of  the  oscillator  insures 
chat  no  internal  resonances  exist  and  phase 
noise  contributions  due  to  factors  besides  che 
crystal  are  negligible. 

Figure  3  compares  che  specified  phase  noise  to 
the  vibration  induced  phase  noise  of  an  oscilla¬ 
tor  having  a  crystal  with  a  3  x  I0~'^/C  sensi- 
civity.  It  is  shown  that  the  liurd  mounted 
oscillator  exceeds  the  specification  limits  by 
25  dB  at  35  Hz.  Consequently,  the  vibration 
isolator  must  be  designed  to  have  attenuation  at 
least  equal  to  che  difference  between  the  two 
curves  of  Figure  3.  It  is  imperative,  of  course, 
chat  all  crystals  have  G  sensitivity  ot  less 

chan  3  10_*^/i..  In  practice,  values  of  2.2  x 

10/C  are  routinely  achieved  and  in  some  cases 

1.5  x  10  ^/G  is  attained  in  the  worst  axis. 
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Parformaiu'B  Under  Vibration 


The  anti-vibration  Mount  design  employs  a 
system  of  looped,  stainless  steel,  multi-strand 
cables  to  achieve  a  high  level  of  isolation 
within  a  snail  space.  Figure  a  illustrates  the 
packaging  concept.  Each  end  of  the  oscillator 
package  is  supported  by  a  r*>.  flexed 
cable  loops  and  a  pair  of  cantilevered  cable 
posts.  Isolation  is  achieved  l'<  three  mutually 
perpendicular  axes  either  by  flexure  of  the 
cable  loops  (Axis  t)  or  by  deflection  of  the 
canti liver  posts  (Axes  2  and  3).  The  isolator 
acts  as  a  second  order  low  pass  mechanical 
filter  with  a  rolloff  of  8  to  10  dN  per  octave. 
The  design  allows  a  sway  space  of  0.8  inches 
in  each  axis  permitting  A. 3  Cs  of  static  acr-l- 
eration  loading  without  bottoming. 

Figure  IS  shows  the  dynamic  vibration  attci. 
ation  characteristic  of  the  mount.  It  is  t  ,n 
that  over  the  band  of  20  to  100  Its,  sufficient 
isolation  exists  to  enable  the  oscillator  to 
■wet  the  phase  noise  requirement  during  vibration 

with  a  crystal  having  3  x  10"  ®/6  or  less 
vtbratlon  sensitivity. 

Figure  6  is  the  Kl'-Band  phase  nuise  at  the 
synthesixer  output  when  the  system  is  subjected 
to  the  random  vibration  spectrum. 

It  is  seen  that  the  required  performance  is 
met  over  the  full  frequency  range.  Figure  7  is 
a  block  diagram  of  the  test  setup  used  to  make 
the  presented  measurements.  An  identical  syn¬ 
thesiser,  which  is  not  subjected  to  vibration, 
is  phase  locked  to  the  unit  under  test  and  the 
Ku-Band  outputs  are  mixed,  amplified,  and  fed 
to  a  spectrum  analyser.  Appropriate  measures 
must  be  taken  to  calibrate  the  system  and 
ensure  that  the  mixer  inputs  are  in  phase 
quadrature. 


Mechanical  Design 

The  synthesiser,  which  consists  of  seven 
separate  nodules,  is  packaged  in  a  carrier 
measuring  8.0  inches  long  x  6.3  inches  vide  x 
4.0  inches  high.  The  overall  synthesiser 
weighs  approximately  12  pounds.  The  carrier 
assembly,  as  well  as  the  individual  modules, 
arc  milled  out  of  single  aluminum  blocks  to 
ensure  structural  rigidity  and  minimize  per¬ 
formance  degrading  mechanical  resonances. 

The  synthesizer  mounting  surface  in  the  radar 
is  the  thick  metal  plate  on  which  the  master 
oscillator  is  mounted.  Thus,  the  random 
vibration  spectrum  is  transmitted 
directly  to  the  oscillator  without  any  inter¬ 
vening  structural  members  having  unpredictable 
dynamic  characteristics. 

Conclusion 


A  Ku-Band  synthesiser  having  low  vibration 
induced  phase  noise  is  described.  Electrical 
and  mechanical  design  parameter  are  selected 
to  optimize  performance  when  the  synthesizer 
is  subjected  to  simultaneous  static  and  dynamic 
C  forces. 
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P.L.L.  SYSTEM  »Y  INJECTION  LOCKING  THE  V.C.O. 
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SUMMARY 


The  requirements  of  large  pull-in  range  and  short 
acquisition  tiee  in  microwave  and  alllinetcr  wave 
phase  locked  oscillators  are  of  great  Importance  since 
the  free  running  VCO  frequency  may  be  some  tens  of  MHz 
off  the  reference  frequency.  A  substantial  Improvement 
can  be  obtained  by  injection-locking  the  V.C.O.  to  the 
reference  signal;  as  a  result,  the  V.C.O  behaviour 
chances  to  a  phase  controlled  fixed  frequency 
oscillator,  giving  a  reduction  by  one  in  the  systea 
order.  Then,  frequency  acquisition  is  performed  by  the 
injection-locking  process,  and  phase  tracking  Is  made 
by  the  P.L.l.  system.  We  present  experimental 
comparisons  between  a  microwave  P.L.L.  system 
operating  at  11  GHz,  with  an  without  injection-locking 
synchronization. 


INTRODUCTION 


The  synthesis  of  microwave  signals  often 
requires.  In  addition  to  spectral  purity  and  frequency 
stability,  a  large  pull-in  range  and  short  acquisition 
time.  This  is  due  to  the  fact  that  in  the  alcrowave 
range,  the  free-running  V.C.O.  frequency  can  be  some 
tens  of  MHz  off  the  reference  frequency,  thus  making 
acquisition  by  pull-in  very  long,  if  possible  at  all; 
note  that  In  second  order  P.L.L. 's  with  active  loop 
filters,  practical  considerations  may  result  In  a 
reduction  of  the  O.C.  gain  of  operational  amplifiers 
well  below  their  nominal  values  of  about  100  dO. 
therefore  reducing  the  P.L.L.  pull-in  range. 

This  paper  describes  how  to  ieprove  the  pull-in 
range  and  the  acquisition  time  by  injection  locking 
the  V.C.O.  to  the  reference  signal. 

Alternatively  this  systea  can  be  viewed  as  an 
injection-locking  process  In  which  a  phase  control 
between  oscillators  has  been  added.  This  results  in 
some  interesting  possibilities  such  as  power 
combination  of  oscillators,  and  design  of  electronic 
phase  shifters  and  phase  modulators. 


PLL  BEHAVIOUR  WITH  INJECTION  LOCKING 


The  standard  simplified  equivalent  circuit  for  a 
P.L.L.  system  is  sketched  in  the  Figure  1.  Part  (a) 
shows  the  physical  model,  and  (b)  the  linearized  block 
diagram,  were  Kd  is  the  phase  detector  constant  in 
V/rad,  F(s)  is  the  loop  filter  transfer  function,  and 
Kf  is  the  V.C.O.  constant  in  rad/s/V.  The  pull-in 
range  is  given  by  /I/  : 


-  u...  r 

t 


T 


I  f  Tf  ■»*{ 


(») 


(b) 

Figure  1.-  Standard  P.L.L.  systea.  a)  Physical 
model,  b)  linear  ibid  block  diagram. 


%  "  2  /K£  Kd  FtO!  2  B/  |1+ 

and  the  approximated  acquisition  time  for  a  second 
order  P.L.L.  with  an  imperfect  integrator  as  loop 
filter  is  given  by  : 


T  »  2.1  { 
P 


Afi 


In  terms  of  the  loop  bandwidth  B,  the  damping 
coefficient  c,  the  loop  filter  dc  gain  F(0),  and  the 
initial  open  loop  offset  frequency  Af. 

The  performance  of  this  P.L.L.  can  be  improved  by 
fundamental  or  subharnonic  injection  locking  of  the 
V.C.O.  to  the  reference  signal.  Figure  2a  shows 
synchronization  at  the  fundamental;  in  this  case,  use 
of  a  circulator  is  required.  On  the  other  hand,  if  the 
injection  locking  is  subharnonic,  the  circulator  is 
avoided,  but  the  synchronization  bandwidth  is  reduced. 


The  equivalent  functional  model  is  given  in 
Figure  2b,  which  differs  from  Figure  lb  in  the  V.C.O. 
behaviour,  now  a  phase  controlled  fixed  frequency 
oscillator,  characterized  by  a  constant  Kp  in  rad/V. 
As  a  consequence,  the  system  order  is  reduced  by  one. 

The  synchronization  bandwidth  is  now  fixed  by  the 
injection  locking  process,  and  it  is  given  by  /2/  : 
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L 


(») 


(b) 

Figure  2.-  P.L.L.  system  with  a  VCO  injection  locking 
synchronization  at  tie  fundasental.  ,♦,)  Physical  model, 
b)  Linearized  block  diagraa 


in  terms  of  the  operating  frequency  wo,  the  external  Q 
of  the  controlled  oscillator,  the  injected  power  level 
Pi,  the  oscillator  output  power  level  Po,  and  the 
angle  0  between  the  device  line  and  the  impedance 
locus  of  the  controlled  oscillator. 


7hc  acquisition  time  is  also  reduced,  since  it 
now  depends  only  on  the  initial  phase  difference 
between  the  frequency  synchronized  signals.  If  an 
imperfect  integrator  with  time  constants  t1, t  2,  is 
used  as  loop  filter,  the  acquisition  tine  is  obtained 
froa  the  step  response  of  a  first  order  system 

-  A*  -nr-ir-7-  e”C/t**rof(CJ 


VK;i  Kp  T2 


T  ”  T2  +  -kTk~ 

d  P 


EXPERIMENTAL  RESULTS 


A  comparison  between  2  microwave  P.L.L.  system 
with  end  without  injection  locking  was  performed.  The 
operating  frequency  was  li.VJ  Sllz,  the  V.C.O.  was  a 
FET  oscillator,  its  frequency  controlled  by  the  gate- 
source  bias  voltage  with  a  value  of  Kf-  4.08E+6 
rad/seg/V.  As  a  phase  detector  a  balanced  microwave 
mixer  using  a  microstrip  hybrid  ring  was  used, 
yielding  a  value  of  Kd*  0.381  V/rad. 

In  the  P.L.L.  circuit,  a  loop  bandwidth  of  !0 
KHz,  and  a  damping  factor  c-l  were  chosen.  For 
practicals  reasons,  the  loop  filter  dc  gain  was 
limited  to  68  dB,  giving  a  theoretical  pull-in  range 
of  21.8  MHz.  The  acquisition  tine  for  an  initial 
offset  of  20  MHz  was  60  s  (Figure  3a). 


IK  ('«<»«;)> 


(a) 


IK  (»Kon<l») 


(b) 


Figure  3.-  Phase  acquisition  tin*.  ?}  Second  order 
P.L.L.  b)  with  the  injection  locking  synchronization. 


If  we  include  the  injection  locking  process,  with 
PI-  3.5  dBm,  Po-  14  dBm,  Qext-  30,  cosO-  1  the 
synchronization  bandwidth  is  227  MHz.  figure  3b  shows 
the  noasured  values  of  the  voltage  applied  to  the 
V.C.O.  with  injection  locking  for  an  initial  frequency 
offset  of  20  MHz;  the  measured  value  of  Kp  is  20.7E+3 
rad/V,  and  the  loop  filter  paraoeters  were  t1-  8.6E-3 
and  t2-  1.5E-4.  It  is  observed  that  locking  is 
accomplished  after  10  s,  in  good  agreement  with  the 
theoretical  time  constant  of  t  ■  l .03  s.  The 
improvement  is  therefore  a  reduction  by  a  factor  6. 

The  same  comparison  was  made  with  another  P.L.L. 
with  loop  bandwidth  of  52  KHz,  damping  coefficient  of 
1.15,  VCO  constant  71.5E+6  rad/s/V,  phase  detector 
constant  0.1  V/rad  and  loop  filter  parameters t 1- 
1.2E-3  and  t2-3E-5.  The  pull-in  range  oota'ned  was  2 
KHz  using  a  D.C.  loop  filter  gain  of  38  dB.  The 
acquisition  time  for  a  300  KHz  initial  offset 
frequency  was  2  s.  (Figure  4a).  If  we  include  the 
injection  locking  process,  with  P1--1Z  dBm,  Po-+14 
dBm.  Qext-14.5,  cos  0  «  1,  the  synchronization 
bandwidth  measured  is  78  MHz,  with  a  Kp  -  0.055  rad/V 
while  the  acquisition  time  is  reduced  around  0.5  s 
(Figure  4b). 
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CONCLUSIONS 


A  substantial  improvement  of  th«  pull-in  ran?* 
and  th*  acquisition  tine  In  a  second  ord«r  microwave 
P.L.L.  system  can  b<  obtained  by  th*  us*  of  Injection 
locking  synchronization  of  th*  V.C.O.  As  a  result  th* 
V.C.O.  changes  Its  behaviour,  and  becomes  a  phase 
controlled  fixed  frequency  oscillator,  thus  reducing 
th*  system  order  by  on*. 

it  Is  also  possible  to  use  this  technique  in  an 
Injection  Locking  Amplifier,  In  order  to  keep  a  given 
phase  difference  between  th*  oscillators.  This  feature 
Is  of  special  Interest  for  power  combination  of 
oscillators  (area  In  which  results  will  be  soon 
reported)  and  also  for  th*  design  of  a  class  of  i  90* 
electronic  phase  shifters  or  phase  modulators. 
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Figure  4.-  Phase  acquisition  time,  a)  Second  order 
P.L.L.  b)  with  Injection  locking  synch. onization. 
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ABSTRACT 

In  1985  a  new  Standard  Method  for  the  Measurement  of  the  equivalent  Electrical 
Parameters  of  Quartz  Crystal  Units  was  adopted  by  the  Electronics  Industries 
Association.  Designated  EIA-512(19S5),  this  document  was  later  accepted  by  the 
American  National  Standards  Institute  as  a  National  Standard.  The  method  is  based 
on  the  use  of  modern  Network  Analyzer  equipment  to  determine  the  two-port 
scattering  parameters  of  a  crystal  unit  when  inserted  into  a  suitable  test  fixture.  The 
test  fixture  and  measuring  system  arc  "calibrated*’  with  standardized  reference 
impedance  elements,  permitting  full  correction  of  measured  responses.  In  1986  the  P-11 
Engineering  Committee  initiated  a  Round  Robin  experiment  to  estimate  the  precision 
with  which  the  equivalent  parameters  of  "representative"  crystal  units  could  be 
determined  at  several  locations  with  different  but  similar  equipment,  using  the 
procedures  of  EIA-512. 

Crystal  units  ranging  from  5  MHz  fundamental  inode  to  MG  MHz  fifth  overtone 
mode  were  made  available  for  the  experiment.  Six  locations  have  volunteered  to 
participate,  and  the  experiment  has  been  in  progress  since  about  December  1st  of  last 
year.  A  brief  description  of  the  experiment  is  presented  as  well  as  a  preliminary  report 
of  results  from  the  tests  completed  to  date. 

CH2427-3/87/0000-527  S1.00  C  1987  IEEE 
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INTRODUCTION 


The  new  measurement  standard  was  accepted  for  the  following  reasons;  the 
technique  has  been  well  proven  through  many  years  of  wide  application  in  microwave 
metrology;  it  has  been  adapted  for  crystal  unit  measurements  as  an  internal  reference 
method  by  several  laboratories  since  it  was  first  described  over  fifteen  years  ago;  several 
published  papers  have  reported  very  good  precision  of  measurement  at  frequencies  well 
above  the  capabilities  of  competing  methods;  it  is  one  of  the  few  methods  of  high 
frequency  measurement  which  can  readily  be  made  traceable  to  National  Standards 
laboratories;  and  probably  more  importantly  the  necessary  automated  equipment 
became  available  at  greatly  reduced  costs  during  the  past  few  years.  However,  concern 
was  expressed  within  the  P-11  group  that  very  little  data  was  available  confirming  the 
correlation  of  measurements  between  different  locations.  It  is  recognized  that  being 
able  to  repeat  the  measurements  of  devices  to  very  high  precision  within  one  laboratory 
does  not  establish  the  practical  tolerance  which  may  reasonably  be  placed  on  devices 
which  will  be  measured  by  manufacturers  at  one  location,  a  quality  assessment  group  at 
another,  and  a  user’s  incoming  inspections  at  still  a  third.  It  was  decided  at  the  Quartz 
Devices  meeting  held  at  Kansas  City  in  August  of  1986  that  a  Round  Robin  experiment 
including  several  locations,  using  crystals  similar  to  the  types  in  common  manufacture, 
and  providing  sufficient  data  to  have  statistical  significance  would  provide  the  needed 
information  for  guidance. 

A  subcommittee  was  formed  to  define  and  coordinate  such  an  experiment  on  behalf 
of  the  P-11  Committee.  Members  are  Clifford  Mercer,  Reeves-Hoffman;  Thomas 
Schuyler,  Colorado  Crystal  Corp.;  Raymond  Filler,  Fort  Monmouth;  Tim  Semones, 
Innovative  Measurement  Solutions;  Robert  Kinsman,  Motorola;  Wolfgang  Pflaum, 
Hughes  Aircraft;  and  the  author.  A  brief  meeting  of  this  group  was  held  at  Kansas 
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City,  anti  after  some  telephone  discussion,  an  experiment  was  designed,  as  described  in 
the  following  section.  The  Round  Robin  began  last  December,  is  now  in  progress  and 
data  has  been  submitted  from  half  the  participating  locations.  A  preliminary  analysis 
of  the  available  data  is  presented  here. 

SCOPE  OF  THE  EXPERIMENT 

The  experiment  being  conducted  is  based  on  the  measurement  of  nine  crystal  units 
selected  as  "representative"  devices.  Frequencies  cover  the  range  from  5.38  MHz  to 
H6.G  MHz,  with  fundamental,  third  and  fifth  overtone  devices  included.  Series 
Resistance  Rl  values  range  from  approximately  3  Ohms  to  50  Ohms,  and  motional 
inductance  Ll  values  from  about  3  mH  to  90  mil.  The  nominal  parameters  of  the 
crystals  are  given  in  Table  1.  The  range  of  parameters  and  Q  values  is  noted  to 
encompass  those  commonly  encountered  in  a  large  proportion  of  commercial 
manufacture.  Admittedly,  better  precision  and  correlation  of  data  would  be  obtained  if 
the  test  units  were  all  high  precision  overtone  mode  devices  having  Q’s  of  two  million 
and  capacitance  ratios  of  twenty  five  thousand;  however,  the  results  obtained  would 
have  much  less  significance  to  the  Industry.  The  crystals  selected  were  chosen  to  be 
somewhat  special  in  having  relatively  small  temperature  coefficients  of  frequency  in  the 
vicinity  of  room  temperature,  as  it  was  recognized  that  different  locations  would 
probably  exhibit  as  much  as  several  degrees  deviation  from  each  other,  and  small 
coefficients  would  probably  be  easier  to  correct.  The  units  had  all  been  manufactured 
at  least  a  year  before  the  experiment  began,  and  had  been  measured  several  times  to 
verify  that  little  aging  of  frequency  or  of  motional  parameters  would  be  expected  during 
the  several  months  required  for  completion  of  the  tests. 

It  was  agreed  that  the  number  of  participants  should  be  limited  to  about  five  in 
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order  to  shorten  the  duration  of  the  experiment  and  keep  the  effort  required  for  data 
analysis  within  reasonable  bounds.  Six  locations  were  ultimately  selected  from  those 
volunteering,  and  represent  users  as  well  as  manufacturers.  A  list  of  the  participating 
organizations  is  given  in  Table  2. 

In  the  interest  of  keeping  data  within  reasonable  limits,  it  was  agreed  that  only 
measurements  in  accordance  with  EIA-512  should  be  included  in  the  experiment,  and 
that  the  parameters  recorded  would  consist  of  series  resonance  frequency  Fs,  scries 
resistance  Rl,  motional  inductance  Ll  and  shunt  static  capacitance  Co.  Each  data 
entry  however  would  be  identified  by  the  location  code,  the  sequence  number  and 
measurement  number  within  the  sequence,  the  test  fixture  used,  the  device  number,  the 
temperature  at  the  time  the  measurement  was  made,  and  the  drive  current  used  for  the 
test. 

As  mentioned  above,  the  experiment  was  drafted  to  provide  enough  data  for 
meaningful  statistical  analysis.  To  this  end  a  total  of  at  least  fifty  measurements  of 
each  device  are  being  made  at  each  location.  With  automatic  test  equipment,  such  a 
scope  becomes  possible,  although  still  a  very  significant  contribution  of  time  and  effort 
on  the  part  of  each  participant.  These  measurements  are  made  in  the  following  manner 
so  that  effects  of  "calibration"  of  the  test  equipment  can  be  identified: 

A  total  of  five  sets,  or  sequences,  of  measurements  are  made,  each  sequence 
consisting  of  a  calibration  of  the  system  followed  by  a  group  of  ten  repeat 
measurements  of  each  of  the  devices.  A  set  of  repeat  measurements  is  made  by  placing 
the  device  into  the  test  fixture,  installing  a  draft  shield,  waiting  for  thermal 
stabilization,  and  then  measuring  the  device  ten  times  without  disturbing  either  the 
device  or  the  equipment. 
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As  one  source  of  systematic  error  which  might  be  difficult  to  assess  is  that  caused  by 
differences  in  test  fixtures,  it  was  decided  that  one  test  fixture  complete  with  required 
reference  impedances  for  calibration  would  be  circulated  with  the  test  kit,  and  each 
location  would  make  five  sequences  of  measurements  with  this  ’reference’  fixture.  If 
possible,  each  participant  is  urged  to  carry  out  a  second  round  of  five  sequences  of  tests 
with  another  fixture  (which  should  be  of  the  general  type  specified  by  the  Standard,  but 
may  be  of  considerably  different  construction  than  the  reference  fixture). 

Another  source  of  systematic  error  is  the  effect  of  temperature.  To  allow  at  least  an 
approximate  correction  for  its  effect,  the  temperature  coefficient  of  frequency  was 
measured  for  the  test  crystals  beforehand  and  stored  in  the  dedicated  data  base.  Then, 
after  each  individual  measurement,  the  temperature  of  the  test  fixture/draft  shield  in 
which  the  crystal  is  installed  for  measurement  is  determined  and  recorded.  No  attempt 
was  made  to  assess  temperature  dependence  of  the  other  parameters  beforehand  (but 
their  existence  became  evident  from  the  data,  as  discussed  later). 

Because  of  the  relatively  large  volume  of  data  generated  by  an  experiment  of  this 
scope,  it  was  considered  essential  to  be  able  to  transfer  the  results  from  the 
measurement  equipment  into  the  dedicated  data  base  without  the  need  for  manual 
transcription.  Thanks  to  the  efforts  of  Tim  Semones,  who  made  available  a  special 
copy  of  the  IMS  measurement  program  which  provides  for  recording  data  on  disc  in  a 
particular  format,  and  to  Tom  Schuyler  who  implemented  a  means  of  transferring  data 
from  floppy  discs  to  magnetic  tape,  it  was  possible  for  me  to  ultimately  place  all  data  in 
a  dedicated  Round  Robin  data  base  maintained  at  AT&T  Belt  Laboratories  at 
Allentown. 

To  minimize  the  probability  of  catastrophic  loss  in  transit  between  locations,  the 
test  kit  is  being  hand  carried  from  one  location  to  the  next.  This  imposes  additional 
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burden  on  the  participants,  but  seemed  prudent  in  view  of  the  large  investment  of  time 
and  effort  represented  by  these  units  -  loss  of  one  unit  would  mean  a  significant 
reduction  in  information  from  the  entire  experiment. 

Table  3  includes  the  specific  instructions  issued  to  each  participant  as  a  reminder  of 
the  procedures  to  be  used. 

RESULTS  TO  DATE 

In  October  of  19S6,  a  small  group  including  Canon  Bradley,  Tom  Schuyler,  Tim 
Semones,  Ed  Miles.  Tony  Palmier!  and  the  author,  met  at  the  AT&T  Dell  Laboratories 
in  North  Andover  for  a  trial  shakedown  of  the  entire  measurement  and  data  transfer 
procedure.  With  some  minor  edits  of  software  and  final  calibration  of  the  test  fixtures, 
several  measurements  of  some  of  the  crystal  units  were  made  according  to  the 
instructions  provided,  and  data  was  saved  to  disc  in  the  prescribed  manner.  The 
participant  instructions  were  edited  to  reflect  the  findings  of  the  test.  The  sample  data 
disc  was  returned  to  Colorado  Crystal,  where  the  data  was  transcribed  to  magnetic 
tape  and  later  stored  on  the  data  base  at  AT&T-Allentown  without  serious  mishap. 

The  reference  fixture  and  a  special  copy  of  the  measurement  program  were  made 
available  by  Tim  Semones  of  Innovative  Measurement  Solutions,  and  together  with  the 
crystal  units,  the  test  kit  was  ready  and  the  experiment  officially  got  underway  in 
December. 

Scheduled  measurements  have  been  completed  by  three  locations  in  time  to  be 
included  in  this  report.  This  represents  one  half  of  the  total  experiment,  providing 
results  that  should  be  at  least  indicative  of  the  final  assessment.  Two  of  these  locations 
were  able  to  provide  data  with  a  user  fixture,  and  all  three  provided  a  full  complement 
of  measurements  with  the  reference  fixture,  giving  a  grand  total  of  about  250  individual 
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tests  of  each  of  the  nine  devices.  or  a  total  uf  about  2250  separate  measurements  to  be 
examined.  Since  four  parameters  are  retained  from  each  test,  this  amounts  to  about 
9000  separate  data  elements.  With  such  an  abundance  of  data,  it  becomes  difficult  to 
decide  just  which  of  the  possible  groupings  and  dependences  should  be  examined.  The 
results  presented  in  the  following  sections  are  one  approach  to  understanding  what  the 
data  is  telling  us. 

RESULTS  WITH  REFERENCE  FIXTURE 

As  the  first  step,  the  data  obtained  with  the  reference  fixture  were  considered  with 
only  the  measured  Fs  values  being  corrected  to  25  *C  using  the  temperature  coefficients 
which  had  been  measured  beforehand.  The  mean  values  of  each  of  the  four  parameters 
for  each  crystal  unit  and  their  standard  deviation  were  calculated  for  the  groups  of  150 
measurements  completed  to  date.  These  are  listed  in  Figure  I.  Three  of  these  results 
show  standard  deviations  significantly  greater  than  the  rest:  Fs  measurements  for  the 
Unit  #3.  Rl  data  for  Unit  #1  and  Rl  data  for  Unit  #$  are  sufficiently  different  to 
warrant  further  examination  before  proceeding.  Correlations  between  the  groups  of 
data  and  measurement  temperature  were  then  calculated,  as  it  is  not  unusual  to  find 
that  all  motional  parameters  of  crystal  units  are  dependent  on  temperature  to  at  least 
some  degree.  Figure  2  summarizes  the  results  of  these  calculations,  where  it  is  noted 
that  in  many  cases  very  significant  correlation  coefficients  are  obtained.  Since  even  Fs 
is  seen  to  be  strongly  correlated  to  temperature,  we  conclude  that  the  coefficients 
measured  beforehand  were  not  as  accurate  as  we  would  have  liked. 

One  way  of  minimizing  the  effects  of  systematic  deviations  of  data  is  to  calculate  the 
slope  of  a  linear  regression  of  the  data  on  the  suspected  causative  parameter.  When  a 
significant  correlation  exists,  a  near  linear  dependence  is  likely,  and  can  be  essentially 
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removed  by  using  the  slope  to  extrapolate  all  data  to  the  mean  value  of  the  causative. 
These  data  were  treated  in  this  manner,  and  the  mean  and  standard  deviations  once 
more  calculated.  Figure  3  lists  the  results  after  this  "second  order"  temperature 
correction.  Clearly,  a  significant  improvement  is  achieved.  (For  example,  the  standard 
error  of  Fs  measurements  of  Unit  #9  has  decreased  from  over  0.3  ppm  to  less  than  0.1 
ppm.).  Examination  of  Figure  3  shows  that  in  most  cases  the  standard  deviations  of 
the  measured  values  are  reasonably  distributed,  but  again  three  sets  of  data  exhibit 
significantly  larger  variability  the  any  other  sets.  Fs  data  for  Unit  #3  has  nearly  twice 
the  standard  error  of  its  nearest  competitor,  and  Rl  values  for  Unit  #1  and  Unit  #3 
have  considerably  larger  standard  deviations  than  do  all  the  other  units. 

As  temperature  is  the  only  identifiable  systematic  casusative  we  can  clearly  identify 
at  this  point,  we  proceed  with  a  more  detailed  analysis.  The  mean  values  and  standard 
deviations  of  each  sequence  of  ten  repeat  measurements  were  calculated,  identifying  a 
particular  sequence  as  being  all  measurements  made  with  the  same  calibration  of  the 
system.  Since  we  are  still  examining  only  those  measurements  made  with  the  reference 
fixture,  there  are  fifteen  such  sequences  in  all,  five  made  by  each  of  the  participants. 
These  sequences  were  rather  arbitrarily  identified  with  numbers  1  thru  15.  It  is 
possible  to  trace  a  particular  sequence  number  to  a  location  and  date,  but  that  will  not 
be  done  for  purposes  of  this  presentation. 

Figure  •!  lists  the  difference  between  the  mean  values  of  Fs  of  each  sequence  of  data 
and  the  overall  mean  values  listed  in  Figure  3.  Examination  of  this  list  with  particular 
interest  in  the  results  for  Unit  #3,  we  see  that  the  wider  divergence  of  these 
measurements  is  not  due  to  a  single  large  error  in  one  sequence  value,  but  that  rather 
there  seems  to  be  a  general  instability  of  Fs  here  in  comparison  to  the  other  units.  No 
reason  for  this  behavior  has  as  yet  been  hypothesized.  The  only  other  sequence  value 
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that  appears  t©  be  markedly  different  from  all  ethers  fer  the  same  unit  is  the  value  ef 
Fs  fer  Unit  #  l.  sequence  1,  While  the  actual  offset  is  less  than  0.2  ppm.  this  is 
significantly  greater  than  any  ether  offset  of  Unit  #1  values. 

Figure  5  lists  the  similar  data  fer  Rl  measurements.  Examination  ©f  this  list 
indicates  that  sequences  0  and  3  have  extreme  errors  for  Unit  #1,  while  sequences  6 
and  12  for  Unit  #3  have  excessive  offsets.  The  reason  for  these  abnormalities  in  Rl 
determination  are  not  readily  apparent  at  this  lime,  although  scatter  plots  of  residuals 
indicate  patterns  which  differ  significantly  from  the  same  plots  for  the  other  units.  It  is 
interesting  to  note  that  omitting  these  four  suspicious  sets  from  the  analysis,  the 
standard  error  of  Rl  measurements  for  each  unit  range  from  0.5Fo  to  1.9*0  and  if  all 
residuals  for  ail  units  arc  considered  as  a  single  group,  the  standard  error  becomes 
1.1*0. 

Figure  0.  listing  the  sequence  mean  errors  from  reference  Ll  data,  and  Figure  7  for 
Co  data,  contain  no  extraordinary  values.  A  standard  error  of  all  Ll  data  for  all  units 
of  somewhat  less  than  O.d*©  is  well  within  expected  performance.  It  was  not  in  fact 
expected  that  Ll  data  would  have  less  error  than  Rl  measurements;  however,  this  may 
be  only  characteristic  of  these  particular  crystal  units.  The  overall  standard  error  in  Co 
data  of  somewhat  less  than  2*c<  is  considered  quite  good,  as  this  amounts  to  an  actual 
error  of  only  a  few  hundredths  of  a  picCfarad. 

Figure  S  lists  the  standard  deviations  of  the  ten  repeat  measurements  of  Fs  in  each 
sequence.  Here  we  note  that  the  instability  of  Unit  #3  is  further  substantiated  by 
showing  standard  deviations  of  data  within  sequences  more  than  twice  those  of  the 
other  units.  Figure  9  shows  the  same  measures  of  the  Rl  data,  and  here  we  note  that 
the  standard  deviations  of  data  within  sequences  is  essentially  the  same  for  those  sets 
which  showed  extreme  offsets  as  for  the  others,  thus,  whatever  caused  the  large  offsets 


535 


in  mean  value  for  (hose  sets  of  data  remained  stable  during  the  particular  sequence. 
Figure  10  and  Figure  Jl  list  the  same  standard  deviations  for  Ll  and  Co  data,  Again 
there  are  n«  surprises, 

In  Figure  12,  the  correlations  of  the  parameters  to  measurement  temperature  arc 
once  mere  calculated  using  the  data  with  second  order  corrections,  and  we  verify  that 
indeed  any  linear  dependencies  have  been  removed,  as  we  should  expect. 

RESULTS  WITH  OTHER  FIXTURES 

Similar  analysis  of  data  obtained  with  the  two  USER  fixtures  thus  far  has  been 
carried  out.  The  offsets  are  once  more  calculated  as  the  differences  from  the  mean 
values  of  all  data  for  each  unit  obtained  with  the  reference  fixture,  as  before.  The  same 
regression  slopes  are  used  to  make  the  second  order  temperature  corrections  as  were 
used  in  the  correction  of  the  reference  fixture  data. 

Figure  13  summarizes  the  Fs  measurements  with  the  USER  fixtures.  Here  the 
differences  from  the  reference  values  are  consistent  with  the  results  of  Figure  -I,  except 
that  the  apparent  instability  of  Unit  #3  is  not  evident  in  this  case. 

Figure  M  shows  the  offsets  of  Rl  data,  and  here  we  note  three  instances  of 
abnormally  low  values  of  Rl  (negative  offsets}  in  sequence  2  with  fixture  EIA2P.  No 
good  explanation  is  known  at  this  time;  we  only  offer  the  observation  that  this  sequence 
of  data  was  obtained  at  the  same  location  as  sequence  G  of  Figure  5,  on  the  next  city. 
Unit  1  showed  a  large  positive  deviation  in  the  same  sequence.  If  sequence  2  with 
EIA2P  is  removed  from  consideration,  the  results  are  reasonable.  Examination  of  the 
Ll  data  shown  in  Figure  15  show  self  consistent  measurements  with  each  USER  fixture: 
however,  the  results  with  C-USER  are  consistently  negative,  while  just  the  opposite  is 
true  with  EIA2P.  In  both  cases,  there  is  a  trend  toward  smaller  values  at  higher 
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frequencies,  which  though  not  large  are  statistically  significant  The  reason  is  not  clear, 
hut  might  be  related  to  the  fact  that  different  thru-line  devices  were  used  with  the 
different  fixtures,  and  a  constant  line  length  was  assumed  at  all  frequencies  even  though 
it  was  recognised  that  the  bending  of  the  line  in  fact  makes  its  effective  length  vary 
with  frequency.  In  the  case  of  E1A2P,  the  two  piece  fixture  is  calibrated  with  no 
physical  through  line,  the  two  ports  being  connected  together  with  a  special  coupling. 

Figure  16  indicates  that  the  Co  values  determined  with  EIA2P  are  also  significantly 
different  from  those  obtained  with  either  the  reference  fixture  or  with  C-USER.  This 
difference  is  not  understood  at  this  time,  although  it  may  be  due  to  the  same  effects  as 
mentioned  above. 


CONCLUSIONS 

From  the  discussions  above,  we  may  form  some  tentative  conclusions  at  this  time, 
remembering  that  only  half  the  total  experiment  is  completed.  First,  it  may  be  stated 
that  if  sufficient  care  in  maintaining  (or  correcting  for)  temperature,  and  well-behaved 
devices  are  used,  we  can  expect  to  correlate  Fs  measurements  performed  at  different 
locations  with  a  standard  error  only  slightly  greater  than  0.1  ppm.  Also.  Rl  data  from 
different  locations  should  achieve  precision  approaching  l°c  with  adequate  temperature 
correction  and  with  carefully  characterized  fixtures,  while  Ll  values  may  agree  to 
somewhat  better  than  this.  Some  unexplained  differences  between  results  obtained 
with  test  fixtures  of  different  construction  have  been  noted,  but  as  yet  remain 
unexplained.  We  are  hopeful  that  additional  data  may  shed  some  light  on  the 
abnormalities  thus  far  noted. 

Based  m  the  results  to  date,  we  also  will  conjecture  that  environmental  effects  will 
usually  limit  the  precision  with  which  parameter  values  may  be  expected  to  correlate 
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when  measurements  arc  made  at  different  times  or  locations,  unless  great  care  is  taken. 
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Summary 

A  navel  method  for  the  condensation  of 
crystal  oscillators  has  been  developed.  It 
la  primarily  intended  for  AT  cot  crystal 
oscillators  and  offers  the  advantages  of 
higher  stability,  lover  power  consuaptlon 
and  saaller  site  when  cospared  with  sore 
conventional  aethods  of  cospensatlon. 

Compensation  Is  achieved  by  generating  a 
power  series  representation  of  the  control 
voltage  for  a  voltage  controlled  crystal 
oscillator.  A  nore  detailed  description  of 
the  method  was  given  at  this  symposium  In 
1983  (ref.  il). 

Initially  on  integrated  circuit  was 
developed  which  generated  four  voltages 
each  varying  as  a  function  of  temperature. 
One  voltage  Is  a  constant  whilst  the  others 
have  a  linear,  quadratic  and  cubic 
variation  with  temperature.  These  voltages 
are  combined  in  a  summing  amplifier  to 
provide  the  compensation  voltage  required. 

Oscillators  have  been  manufactured  using 
this  IC  over  the  last  3  years  and  +lppa 
over  -40°C  to  +8S°C  Is  being  achleved**uieh 
very  good  yields. 

A  second  IC  Is  under  development  which 
generates  additional  voltages,  with  these 
JtO.5  ppm  over  -40°C  and  +85<>C  has  been 
achieved. 

it  has  also  proved  possible  using  the  first 
integrated  circuit  to  compensate  third 
overtone  crystals  and  tlp.ht  tolerance 
devices  up  to  400  Mils  are  being  developed. 

Introduction 

There  has  been  a  continuing  demand  over  the 
years  for  oscillators  having  Increased 
frequency  stability,  smaller  size,  lower 
power  consumption,  higher  frequency  and 
reduced  phase  noise. 

The  first  of  these  parameters,  the 
frequency  stability,  is  usually  the  key 
parameter  and  very  often  determines  the 
specification  achievable  for  the  other 
parameters. 

Very  tight  frequency  stability  can  be 
achieved  by  the  use  of  oven  control  to  keep 
the  device  at  constant  temperature 
effectively  eliminating  ambient  temperature 
variations.  There  are  however  severe 
penalties  to  pay  in  terns  of  size,  power 
consumption  and  cost  with  this  approach. 


Temperature  compensation  l*  an  alternative 
whleh,  whilst  It  cannot  achieve  the 
stability  of  an  evened  device,  provides  a 
much  smaller,  cheaper  solution.  A 
temperature  compensated  oscillator  Is 
essentially  an  oscillator  whose  frequency 
can  be  varied  by  the  application  of  a  d.c. 
voltage  combined  with  a  circuit  which 
generates  a  temperature  varying  voltage. 
The  temperature  varying  voltage  is  fed  Into 
the  crystal  oscillator  lo  such  a  way  as  to 
"compensate''  for  temperature  variation  In 
the  oscillator  frequency. 

Conventional  thermistor  compensated 
oscillators  ware  seen  to  have  reached  their 
practical  production  limit  at  around  Oppa 
over  -40°C  to  +8S°C  and  a  radical”  new 
approach  was  therefore  considered 
necessary. 

A  bipolar  Integrated  circuit  was  designed 
to  generate  a  power  series  representation 
of  the  desired  control  voltage.  The  power 
series  generated  is  ideally  suited  for  the 
compensation  of  oscillators  using  AT  cut 
quartz  crystals. 

It  was  also  possible  to  Incorporate,  within 
the  IC,  much  of  the  voltage  controlled 
oscillator  circuit  and  parts  of  the  output 
circuit,  thus  creating  a  temperature 
controlled  oscillator  In  which  the  majority 
of  the  circuit  elements  arc  contained  on  a 
single  IC. 

Coapensatlon  Voltages 

The  compensation  voltage  required  can  he 
expressed  In  the  form 

V(T)  -  an  +a1  (T-Tl)  +a2  (T-Tl)  2 

+83  (T-Tl)  3  + . +an  (T-TI)  n 


where  a  ....a  are  the  weighting 
coefficients. 

T  la  the  ambient  temperature 

T1  Is  the  reference  temperature 

A  good  approximation  can  be  obtained  using 
only  the  first  four  terms  of  the  scries  (a 
3rd  order  curve),  but  for  greater  precision 
higher  order  terns  can  be  added. 
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An  Integrated  circuit  ha*  been  designed  to 
generate  lour  voltage*.  One  voltage  le 
constant  while  the  other*  have  a  linear, 
quadratic  and  cubic  variation  with 
temperature  respectively.  Te  cooperation 
voltage  1*  obtained  by  sussing  these 
voltage*  In  an  operational  aapllfier  using 
suitable  coefficient-setting  resistors. 

In  practice,  the  Integrated  circuit  does 
not  generate  voltages  of  the  for*  a  (T-tl) 
alnce  these  ter**  are  difficult  to  generate 
accurately  and  are  subject  to  measurement 
errors.  Instead  It  generates  voltages 
corresponding  to  the  Chebyshev  polynoalals. 
The  equation*  of  the  first  four  Chebyshev 
polynoalals  are: 


T0(X)  -  1 
?1<X)  •  X 
T^(X)  -  2X2-1 
T^fX)  «  4X3  -3X 


Figure  I  shows  these  polynoalals  plotted 
graphically. 


Equation  1  can  now  be  re-written  as: 

V  -  a0-5,  (Xj+aiTjfXhaoTafX) 

+n3T3  (X)+....+an  T„(X) 

Apart  fro*  To  (X),  the  donlnant  teras  for 
AT  cut  crystals  are  the  linear  and  cubic 
terns,  and  T  (X)  alone  is  a  good 
approxlaatlon  to  the  desired  coapensatlon 
voltage. 


The  output  voltages  frea  the  I'near, 
quadratic  and  cubic  generators  are  also 
aeasured.  A  cooputer  prograa  is  then  used 
to  calculate  the  coefficients.  This 
prograa  uses  the  exchange  algorltha  to 
derive  the  alntaax  linear  approxlaatlon  for 
the  set  of  aeasureaent  points.  The  problca 
is  slallar  to  that  of  solving  a  set  of 
slaultaneous  equations  with  no  exact 
solution;  the  coefficients  are  adjusted 
until  the  errors  between  the  synthesised 
coapensatlon  voltage  and  the  required 
coapensatlon  voltage  are  of  a  specified 
fore.  This  approxlaatlon  alnlalses  the 
aaxlaua  error  between  the  synthesised 
coapensatlon  voltage  and  the  desired 
coapensatlon  voltage.  Once  the  resistors 
are  fitted  the  perforaance  of  each 
oscillator  Is  verified  by  neasurlng  the 
frequency  variation  of  the  unit  over  the 
operating  teeperature  range. 

Production  Results 


The  first  1C  has  now  been  In  production  use 
for  nearly  three  vear*  and  well  over  5,000 
oscillators  have  been  aanufactured. 
Oscillators  ranging  In  frequency  froa  3Mlls 
up  to  40H1U  are  being  produced  against  a 
variety  of  specifications.  Typical  plots 
of  frequency  against  teaperature  are  shown 
in  fig.  3,  4  and  5.  Figure  5  also  thou* 
the  very  excellent  hysteresis  perforaance 
obtained  with  these  devices. 

Phase  noise  1*  a  paraaeter  which  1* 
assuatng  greater  and  greater  laporcanee. 


Integrated  Circuit  Design 

A  block  dlagraa  of  the  eleaents  of  the 
coapensatlon  systea  1*  shown  In  figure  2. 
The  constant  voltage  1*  generated  using  a 
voltage  stabiliser  and  generates  a 
teaperature  Invariant  voltage  using  a 
bandgap  reference  circuit.  The  linearly- 
varying  voltage  with  teeperature  Is 
generated  using  thf  teaperature  coefficient 
of  the  base-ealtter  Junction  voltage  of  a 
transistor,  operated  at  constant  oaltter 
current. 

Conventional  analogue  auitlpllers 
coaprlslng  four  transistors  with  the 
collectors  crosc-couplcd  are  used  to 
generate  voltageo  with  quadratic  and  cubic 
variations  with  teaperature.  The  suoalng 
aapllfier  Is  Included  and  the  Integrated 
circuit  also  contains  an  onclllacor  circuit 
and  two  output  stages  to  fora  the  voltage 
controlled  oscillator. 

Coapensatlon  Methods 


Systea  designers  are  deaandlng  ever 
laproved  phase  noise  froa  oscillators  and 
Fig.  6  shows  a  typical  phase  noise  response 
achieved  with  the  Integrated  circuit 
oscillators. 

Wherever  possible  surface  aount  coeponents 
have  been  used  in  these  devices  to  alnlalse 
size  and  weight.  The  saallest  device 
produced  to  date  with  this  technique  is 
less  than  4  cu  ca  In  volume  and  weighs  less 
than  3  gas. 

Tighter  Coapensatlon 

A  second  Integrated  circuit  Is  under 
developacnt  which  generates  further 
voltages.  Initial  trials  have  given 
results  of  the  order  of  +0.5  ppa  over  -40°C 
to  +85°C,  a  typical  performance  curve  shown 
In  Fig  7.  This  device  has  been  coapcnsnted 
over  -50°C  to  +90°C  and  Is  achieving  better 
than  ±0.5  ppa  Including  hysteresis  which  Is 
well  under  0.1  ppa  everywhere  In  the 
teaperature  band. 


In  order  to  coopensate  a  crystal  oscillator 
using  this  aethod,  the  values  of  fiv< 
resistors  have  to  be  determined. 

These  rcBlstors  set  the  values  of  the 
coefficients  and  they  arc  determined  froa 
data  aeasured  at  a  nueber  of  temperatures 
over  the  operating  teaperature  range.  At 
each  of  these  temperatures  the  coapensatlon 
voltage  needed  to  keep  the  oscillator  at 
the  correct  frequency  is  measured. 


To  achieve  these  tight  tolerances  It  has 
proved  necessary  to  Introduce  a  further 
process  stage  to  overcome  the  errors 
introduced  by  SOT  resistor  tolerances  anal 
changes  In  circuit  load  conditions  caused 
by  the  adding  of  the  SOT  resistors.  After 
the  verification  run  the  results  from  this 
run  and  the  compensation  run  arc  compared 
and  the  resistor  values  trimmed  to  optimise 
the  performance. 
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Higher  ftacuanclaa 


•♦cause  oC  the  greater  pulling  voltage 
range  generated  by  the  1C,  compenaatlon  of 
•or*  'rigid'  crystals,  that  1«  ovarian* 
crystals,  can  be  achieved  to  a  much  higher 
degree  than  with  thermistor  techniques. 
With  traditional  crystal  manufacturing 
techniques,  third  overtone  crystals  are 
available  up  to  around  80  HHx,  but  new 
developments  in  plasma  etching  carried  out 
In  conjunction  with  Standard  Telephone 
laboratories  (STl)  enable  STC  to  produce 
fundamental  crystals  up  to  ISO  MHr  (third 
overtone  to  430  MHx) 

Compensated  oscillators  are  now  being 
produced  using  these  crystals  at  376  HH*. 
A  typical  frequency  vs  temperature 
performance  Is  illustrated  In  Fig.  8  with 
better  than  +1  ppm  being  achieved  over  0°C 
to  +70°C. 

Phase  noise  and  ageing  arc  shown  in  Fl»x»  9 
and  10  respectively. 

The  very  excellent  ageing  figure  Indicate 
a  stability  of  better  than  1  x  10~&  pc?  day 
after  one  months  ageing. 

Conclusions 


Two  Integrated  circuits  have  been  developed 
to  provide  a  novel  compensation  technique. 

The  first  of  these  IC^  hss  beon 
successfully  Introduced  Into  production.  A 
wide  range  of  oscillators  has  been 
developed  using  this  technique  and  la  being 
continually  enhanced. 

An  oscillator  la  being  produced  which 
aatltflea  all  the  key  criteria  demanded  by 
designers  of  advanced  systems;  high 
frequency  stability,  miniaturisation,  low 
power  consumption,  high  frequency  and 
reduced  phase  noise. 

A  second  integrated  circuit  Is  under 
development  which  will  enhance  still 
further  the  frequency  stability  available 
from  this  range  of  oscillators. 

Coupled  with  ti.'iae  circuits  the  development 
of  much  higher  frequency  fundamental 
crystals  Is  providing  very  stable  high 
frequency  devices. 

References 

1)  James  S  Wilson 

Precision  Crystal  Oscillator  Design 
Thetis  for  degree  of  Doctor  of 
rhl  luiuphy 

University  of  Aston,  October  1983. 

11)  An  Improved  Method  of  Temperature 
Compensation  of  Crystal  Oscillators 
J  S  Wilson 
STC  Components 

37th  Annual  Symposium  on  Frequency 
Control,  1983. 


Fig.  I  -  Cherbychcv  Polynealnala 


(MtfMi 


lt«M 

VCtIMf 


•matmaiic 

veusw 


(NIC 

*ai« 


SWSISC 

mints 

Fig,  2  -  Integrated  Circuit  -  Block  Diagram 
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Summary 

In  thin  paper  the  design,  implementation 
and  performs* ee  of  a  SAW  accelerometer 
aimed  at  the  nub  inertial  applications  area 
is  described. 

Th«  device  exploits  the  frequency  shift  of 
s  SAW  resonator  when  it  is  strained  by 
acceleration.  The  use  of  •  quarts 
substrate  provides  high  stability  with 
temperature  and  time.  This  stability  is 
enhanced  by  using  two  SAW  resonators, 
operating  in  a  differencial  node  which 
provides  an  output  directly  compatible  with 
digital  electronics. 

Developments  in  quarts  cuts,  mounting 
techniques  and  electronic-  circuitry  are 
Improving  these  devices  still  further. 

Principles  of  Operation 

The  offsets  of  strain  on  quartz  bulk  and 
surface  wave  devices  have  been  well 
described  in  the  literature.  They  are 
normally  regarded  as  a  nuisance  to  be 
minimised  or  eliminated. 

In  a  sensor  application  we  exploit  Che 
effects  of  acceleration  induced  strain  and 
attempt  to  optimise  the  structure  for 
maximum  sensitivity. 

The  structure  selected  for  the  SAW 
accelerometer  uses  a  quartz  beam  mounted  as 
a  cantilever.  SAW  resonator  patterns  are 
defined  in  an  aluminium  layer  deposited  on 
one  surface  of  tha  beam.  As  the  bean 
deforms,  che  resonance  frequency  of  each  of 
the  SAW  patterns  shifts  due  to  the  changes 
in  pattern  dimensions  and  the  piezo¬ 
electric  constants  of  the  quartz. 

for  the  quartz  cuts  used  to  date,  typically 
orientations  between  ST-X  and  AT-X,  Che 
pattern  shift  effect  dominates. 

Two  resonators  are  used,  one  optimised  for 
maximum  acceleration  sensitivity  and  one 
for  minimum  acceleration  sensitivity. 

Each  of  the  resonators  is  used  as  the 
control  element  of  an  oscillator  and  the 
outputs  of  the  two  oscillators  are  mixed. 
The  difference  frequency  output  of  the 
mixer  is  amplified  and  shaped  for 
convenient  measurement  by  a  frequency 
counter.  The  circuit  configuration  is 
shown  in  Fig.  1. 


Th«  strain  in  the  beam  is  proportional  to 
the  imposed  acceleration  and  the  shift  in 
che  output  difference  frequency  is  a  very 
linear  function  of  the  strain. 

The  uuo  of  a  differential  output  minimises 
temperature  and  ageing  effects  of  the  SAW 
devices,  provided  that  the  external 
circuitry  for  each  SAW  matches  over 
temperature  and  time.  The  high  phase  slope 
of  a  resonator  reduces  the  effect  of 
external  circuitry  drifts  and  the  low  loss 
allows  a  simple,  single-stage  maintaining 
amplifier  for  each  SAW  device. 

Mechanical  Realisation 

To  optimise  the  performance  of  the  devices 
several  design  features  must  be  achieved  in 
conjunction. 

The  two  SAW  resonators  must  have  an 
acceleration  sensitivity  as  different  as 
possible. 

The  temperature  coefficients  and  ageing 
characteristics  of  the  two  SAW  resonators 
and  their  associated  oscillators  must  be 
matched  as  closely  as  possible. 

Several  snchanlcal  constructions  have  been 
tried,  two  of  which  are  described. 

The  first  of  these.  Fig.  2,  uses  two 
separate  beams  mounted  in  s  single  dual-in¬ 
line  package.  The  beams  are  cantilever 
mounted  on  a  quartz  substrate  which  is  then 
mounted  on  the  dual-in-line  header.  Quartz 
of  the  same  orientation  is  used  as  a 
substrate  in  all  these  assemblies  to  reduce 
to  sn  absolute  minimum  any  mounting  strain 
effects  which  would  distort  temperature 
performance  or  increase  ageing. 

One  of  the  beams  was  mass  loaded  with 
tungsten  to  increase  its  acceleration 
sensitivity. 

The  major  disadvantage  of  this  construction 
wss  the  difficulty  of  obtaining  a  perfect 
match  for  temperature  coefficient  from  the 
two  resonators. 

To  overcome  this  problem  the  construction, 
as  illustrated  in  Fig.  3,  was  tried.  A 
single  quartz  beam  was  used  and  two 
resonator  patterns  deposited,  one  adjacent 
to  the  cantilever  mount  for  maximum 
sensitivity  and  the  second  remote  from  the 
mount. 
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A  w*dg*-*H*p*d  beam  va*  employed  and  um 
loading  added  to  Increase  th«  bonding 
effect  Mar  the  mount.  The  major  problem 
encountered  with  thl*  device  waa  atttlng 
the  gap  between  cantilever  ban  and  quart* 
substrate. 

jUaulta 


Th«  resonator*  used  In  this  device  have 
typical  SAW  parabolic  frequency  verau* 
temperature  response.  An  example  la  ahown 
In  rig  A  having  a  turn  ov«r  at  46°C  and  a 
parabolic  conatant  of  3  x  I0“*. 

Calculation*  on  two  auch  curvaa  predict*  a 
contained  overband  perfornanca  a*  ahown  In 
Fig.  5,  with  a  very  llMar  portion  within 
I  ppn  over  5°C  to  83®C  and  a  total  apread 
of  lea*  than  A  ppn. 

The  overband  perfornance  actually  achieved 
la  ahown  In  rig.  6.  The  flat  portion  of 
the  reaponae  1*  noved  down  In  tenperature, 
Indicating  that  the  oscillator  circuit*  are 
not  fully  notched  or  that  the  mixer  la 
distorting  the  reaulta.  It  atlll,  however, 
repreaenta  an  order  of  nagnltude 
lnprovenent  over  the  SAW  reaonator 
perfornance,  a  perfornance  of  better  than 
IS  ppn  over  -AO  deg.  C  to  480  deg.  C  being 
achieved. 

Fig*.  7  and  8  ahow  the  llMarlty  of  the 
acceleroneter  reaponae  In  a  centrifuge  up 
to  30  g.  The  output  ahow*  a  better  than  3 
ug/g2  linearity  In  the  +ve  g  direction  and 
approximately  21  ug/g2  In  the  -vt  g 
direction.  loth  direction*  ahow  a  anall 
hyatereala  of  around  10  ng, 

Senaltlvltlea  In  the  range  of  1000 
1500  Hc/g  have  been  achieved  with  thexe 
conatructlona  and  the  aenaltlvltlea  along 
the  orthogonal  axe*  are  lea*  chan  IT  of 
thla  value. 

Performance  Objective*  and  Achlevenenenta 

Table  1  ahow*  the  Initial  performance 
objective*  and  the  nchlevcnent  agalnat 
theae  to  date. 

The  full  acale  range  required  for  theic 
device*  ha*  been  fully  net  a*  have  the 
linearity  requirement*  but  further 
development  1*  required  to  meet  the  full 
aenaltlvlty  and  atablllty  requirement*. 


Full  acale 
rang* 

Senaltlvity 


linearity 

Hero  drift 
-  Tine 
(A8  hr*) 


Objtctivcx 
♦Z0g  -  *200g 

1000  M*/g 
to 

2000  Xx/g 
20  ug/g2 

O.OIX  FSD 


Achievement* 
♦20g  -  42Q0g 

A 00  Itx/g 
to 

1300  Hx/g 
20  ug/g2 

0.022  FSD 

10  ng/<>C 
to 

20  ng/<>C 


-  Tenperature  0.1  ng/»C 
<-A0  -  8Q®C)  to 

0.5  ng/°C 


TA*U!  1 


Future  Development 

Development  to  improve  the  acceleroneter 
performance  atlll  further  1*  currently 
addreaalng  three  are**,  alternative  quartx 
cut*,  improved  oaclllator  and  mixer 
circuitry  and  alternative  phyalcal 
conatructlon. 

Two  alternative  quartx  cut*  have  been 
evaluated,  LST  and  FST.  Keaonatora 
conatrueted  ualng  1ST  quartx  have  ahown 
Improved  temperature  coefficient*  but  have 
alao  been  ahown  to  be  virtually  lnaenaltlv* 
to  acceleration  and  therefore  of  little  uaa 
In  thl*  application.  The  aecond  cut  FST, 
aa  well  at  ahowlng  email  Improvement*  In  TC 
give*  a  greatly  lncreaaed  attain 
aenaltlvlty  of  up  to  A  KHx/g  and  thl*  cut 
1*  now  being  u«ed  for  further  development*. 

The  electronic  circuitry  1*  being 
redeaigned  to  mlnlmlae  It*  effect*  on  the 
very  good  TC  match  of  the  SAW*  and  the 
poaalblllty  of  torn*  form  of  temperature 
compensation  being  evaluated. 

The  new  conatructlon  being  evaluated  la 
Illustrated  In  Fig.  9.  To  increase  the 
sensitivity  of  one  resonator  agalnat  the 
other  the  beam  Is  thinned  beneath  the 
cavity  region  of  the  resonator  nearer  the 
hinge. 

Initial  trials  indicate  a  sensitivity  of 
around  2  KHx/g  on  ST-cut  quart*.  The 
groove  in  these  Initial  aaaples  was  cut 
with  a  aav  and  because  of  the  mechanical 
damage  to  the  edge*  of  the  cut  the 
mechanical  strength  of  these  devices  was 
not  good.  It  is  expected  to  be  able  to 
overcome  this  problem  by  the  use  of  plasma 
etching  to  cut  the  groove  and  using  this 
method  It  will  be  possible  to  shape  the 
profile  of  the  groove  to  give  optimum 
strain  sensitivity  and  strength. 

Conclusions 


A  SAU  accelerometer  using  quartz  as  the 
sensing  element  has  been  developed  giving  a 
stable  linear  output  and  having  many 
advantages  over  more  conventional  devices. 
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o  The  output  Is  a  pulse  train  which  Is 
easily  Interlaced  to  digital  systeas. 
Mass-balance  and  plcso  acceleroaeter* 
require  extensive  signal  conditioning 
before  further  use. 

o  The  structure  Is  relatively  staple  and 
robust. 

o  The  power  requirement*  are  low  (9  eA 
at  SV)snd  Independent  of  Acceleration. 

o  The  device  Is  unaffected  by  external 
aagneetc  fields. 

o  The  Inherent  stability  of  quarts  gives 
high  stability  with  dee  and 
teaperature. 
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Introduction 

For  aany  yearn  the  Quart*  Crystal  Industry  has  used 
as  a  standard  Method  the  Multiblade  slurry  saw  for 
the  cutting  of  Quartx  resonator  plates  with  seme  use 
of  the  peripherally  loaded  dlanond  blade  saw  for 
larger  or  thicker  slices.  Both  these  Methods  have 
severe  Imitations  on  either  angle  accuracy  or 
econoay  of  cucttng  and  In  subsurface  damage, 
parallelise  and  thickness  control. 

The  deaands  of  the  crystal  user  for  continuing 
Inprovenent*  In  the  tenperature  performance  of,  for 
exsMple,  the  AT  resonator  has  lead  to  a  significant 
tightening  of  angle  control  both  In  IX  and  XX 
angles.  As  a  result  of  this  together  with  the 
Market  forces  driving  down  resonator  prices  these 
earlier  Methods  have  becoMe  very  unecononlcal.  This 
paper  describes  the  introduction  of  the  large 
annular  saw  with  a  thin  stressed  blade  for  the 
cutting  of  tight  angle  tolerance  blanks  with  good 
parallellsn  and  thickness  uniformity. 

Brief  Description  of  Earlier  Saws 

The  peripheral  dlanond  saw,  see  Figure  I.,  was  one 
of  the  earliest  developed  for  cutting  hard  Materials 
such  as  quartz  and  rcaalns  a  very  good  Method  with 
respect  to  angle  control  It  however,  suffers  froa 
the  need  to  Maintain  a  very  thick  self  supporting 
blade  to  hold  this  performance  advantage, 
consequently  It  has  poor  econoay  In  quart* 
utilisation  and  produces  sub-surface  damage  which 
require*  heavy  prlaary  lapping  to  remove. 

The  nultlblade  slurry  saw,  see  Figure  2.,  Introduced 
In  the  1960s  produced  a  revolution  with  Its 
capability  to  produce  large  nuabers  of  slices  with 
good  econoay  froa  cultured  quart*  blocks  grown  with 
a  convenient  orientation.  The  angle  control 
produced  at  this  time  was  adequate  for  the  current 
specifications  and  the  poor  control  of  parallelism 
and  thickness  was  out  weighed  by  the  econoay  of 
blank  production. 

However,  when  tighter  angle  control  both  In  Z7.  and 
XX  becaae  a  requirement  this  saw  could  only  produce 
a  very  saall  percentage  of  blanks  within  these  new 
Halts,  results  achieved  on  this  type  of  saw  arc 
given  later  In  the  paper. 

The  Annular  Saw 

Recent  developments  In  the  Semiconductor  Industry 
have  lead  to  the  development  of  larger  annular  saws 
using  a  thin  stressed  blade  with  an  Inner  edge 
diamond  loaded,  capable  of  cutting  large  diameter 
silicon  bars.  We  have  modified  this  machine  to 


handle  the  cutting  of  large  dimension  quart*  bars 
typically  A3  x  24  ma  In  cross  section. 

Figure*  3-6  show*  views  of  the  machine  blade 
construction  when  the  quartx  block  Is  mounted  In  the 
machine  It  can  be  angle  corrected  In  the  7X  and  XX 
directions.  This  can  be  carried  out  by  obtaining 
corrections  froa  the  first  cut  slice  whieh  Is 
sufficiently  flat  and  parallel  and  of  good  finish  to 
obtain  correction  to  0.23"  by  X  ray  orientation. 

The  Machine  1*  capable  of  Indexing  each  feed  step  to 
maintain  good  thickness  control.  A  blade  distortion 
sensor  with  a  continuous  analogue  plot  gives  warning 
of  blade  wear  and  the  need  to  redress  the  diamond 
cutting  edge. 

The  quart*  block  Is  lunbered  In  the  normal  way,  a 
reference  face  prepared  on  the  -X,  this  face  Is 
prepared  with  an  angle  tolerance  of  better  than  5'  to 
minimise  Machine  resetting  between  block  loads. 

The  blank  is  ceaented  to  a  glass  plate  to  ensure  a 
clear  cut  through  the  quart*  block,  see  Figure  7. 

The  diamond  loaded  blade  Is  shown  In  Figure  8.,  chls 
blade  ha*  9"  Internal  diameter  and  a  thickness  of 
175  uM,  the  dlanond  cutting  edge  produces  a  kerf  of 
300  uH  and  blank  thickness  of  less  than  200  uM  have 
been  achieved. 

Results 

A  comparison  of  results  achieved  from  this  annular 
saw  with  those  from  a  nultlblade  slurry  saw  are  given 
In  Figures  9-12.  These  figures  show  the  angle 
distribution  from  the  two  saws  after  the  sawing 
process  and  after  the  prlaary  lapping  process.  It 
can  be  seen  that  the  angle  distribution  on  this 
annular  saw  after  lapping  Is  still  held  within  tight 
limits  while  that  of  the  slurry  saw  lias  more  than 
doubled  and  is  In  the  order  of  two  to  three  tines 
that  achieved  on  the  annular  saw. 

These  results  were  obtained  from  two  batches  taken  at 
random  from  production  and  represent  a  very  typical 
achievement. 

Figure  13  shows  the  "rocking  curves"  achieved  on 
annular  sawn  slices  compared  to  a  carefully  prepared 
and  etched  check  piece.  The  width  of  this  "rocking 
curve"  is  a  good  Indication  of  sub-surface  damage  and 
it  can  be  seen  that  the  sawn  blank  is  not 
substantially  different  to  that  of  the  lapped  slice. 
The  lapped  slices  had  been  reduced  In  thickness  from 
500  uM  to  350  uM,  more  than  sufficient  to  remove  the 
expected  sub-surface  damage. 
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A  summary  ef  the  results  achl«v«d  in  comparison  to 
the  multiblade  saw  is  given  in  tables  l  and  2.  It 
con  be  men  that  the  blank,  angle  control  hoe  been 
considerably  improved  with  large  increases  in  yield 
with  respect  to  target  angles  and  angle  spreads, 
the  control  of  parallelise  and  thickness  shows 
improvements  in  the  order  of  6:1.  these  results  are 
hosed  on  finished  blanks  through  alt  stages  of 
lapping. 

the  sowing  economy  in  terns  of  sawing  rate,  blade 
life  and  quart*  utilisation  also  showed  significant 
improvements.  the  only  disadvantage  of  the  annular 
saw  is  the  longer  tine  to  change  blades  but  this  is 
easily  balanced  by  considerably  longer  blade  life. 

Conclusion 

the  advantages  of  the  annular  saw  are: 

(1)  Ease  of  setting  to  target  angle. 

(2)  Improved  yield  to  +0.S  angle  toleranee. 

O)  Improved  thickness  and  parallelism  control. 

(A)  Significant  improvement  in  operating  economy. 
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Fig.  I  -  Peripheral  0U«un4  Saw 


Ftg.  *  -  Ctoie  up  of  Quartv  hlank 
during  «  cut 


Fig.  6  -  Slice  Pick-up  Mechanists 


General  View  of  Annular  Saw 


Fig.  7  -  Mounting  of  Lwttared  Qu^rc* 
block 
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Summary  of  Results  (Blanks) 

Angle  Control  ZZ  angle: 

Annvtor 

Sow 

Multiblode 

Sow 

Target  Angle  ±0.25‘ 

15% 

75% 

Angle  Spread 

2* 

3-4' 

Blank  Yield  ±0.5* 

30% 

10% 

Angle  Control  XX  Angle:  ±10' 

Yield 

15% 

10-15% 

Blank  Parallelism 

5'lOpm 

AOjjm 

BlankThickness  Control 

ISjim 

lOO/im 

table  l 


Summary  of  Results  (Sawing  Economy) 


Annular 

Saw 

Mullibtade 

Saw 

-  Sawing  rate 

3.5  cm'/min 

3.2  cm’/min 

-  Blade  life 

18,920  cm’ 

8,512  cm’ 

-  Quartz  utilisation/block 

175  slices 

150  slices 

-  Blade  change  lime 

1.5  hrs 

0.75hrs 

Table  2 
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by  zero  phase  technique  In  a  S  notwork. 

444  (1973)  Bask:  method  lor  the  measurement  ol  reson¬ 

ance  frequency  and  equivalent  series  resistance 
ol  quartz  crystal  units  by  zero  phase  technique 
In  a  a  network. 

Nolo:  This  publication,  where  revised,  will  bo  Issued 
as  a  second  edition  ol  Publication  444-1 

444-2  (I960)  Part  2:  Phase  oHsot  method  lor  measure¬ 
ment  ol  motional  capacitance  ol  quartz  crystal 
units, 

45"  (1976)  Guido  to  dynamic  measurements  ol  plozo- 

electric  ceramics  with  high  electromechanical 
coupling. 

642  (1 979)  PiozuJoctrie  ceramic  rosonntors  and  reson¬ 

ator  units  lor  frequency  control  and  soloction  • 
Chapter  I :  Standard  valuos  and  conditions. 
Chaptor  II:  Measuring  and  lost  conditions. 

679:-  Ouartz  crystal  controlled  oscillators, 

679-t  (1980)  Part  1 :  General  information,  tost  condi¬ 
tions  and  mothods. 

679-2  (1981)  Part  2:  Guide  to  the  useol  quartz 
crystal  controlled  oscillators. 

689  (1 980)  Measurements  and  tost  mothods  lor  32  kHz 

quartz  crystal  units  lor  wrist  w.'trhq  s  nd 
standard  valuos. 

758  (1983)  Synthetic  quartz  crystal-  Chaplor  I: 

Specification  lor  synthetic  quartz  ciystal  - 
Chaptor  II:  Guido  to  tho  use  ol  symbolic  quartz 
crystal. 
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PROCEEDINGS 


ANNUAL  FREQUENCY  CONTROL  SYMPOSIA 


HQ. 

ma. 

gQCU?,ENTNULa£R 

flaiMLEflQMl 

SCSI 

10 

1956 

AD298322 

NTIS 

541  £0 

11 

1957 

AD298323 

44.50 

12 

1958 

A0296324 

46.00 

13 

1959 

AD298325 

49.00 

14 

1960 

AD246500 

32  50 

15 

1961 

AD2G5455 

28.00 

10 

1962 

PB 162343 

35.50 

17 

1963 

AD42338I 

4300 

18 

1964 

AD450341 

•44-vC1 

19 

1965 

A 0471229 

47  50 

1966 

AD600523 

4750 

21 

1967 

A 0659792 

4150 

22 

1968 

A0844911 

44  50 

23 

1969 

A0746209 

2500 

24 

1970 

A0764210 

28  00 

25 

1971 

AD74621 1 

2800 

25 

1972 

A0771043 

2650 

27 

1973 

AD771042 

34  00 

28 

1974 

AOA01 1113 

31.C0 

29 

1975 

A0A017466 

34  00 

30 

1976 

AOA046089 

40.00 

31 

1977 

ADA088221 

44.50 

32 

1978 

EIA 

20.00 

33 

1979 

20.00 

34 

I960 

2000 

35 

1981 

20.00 

36 

1962 

ADA1308I1 

NTIS 

41,50 

Of 

1983 

83CH1957-0 

IEEE 

59.00 

33 

1964 

B4CH20G2-8 

59.00 

39 

1985 

85CH2186-5 

59.00 

40 

1986 

86CH2330-9 

59  00 

41 

1987 

87CH2427-3 

5900 

•  HTIS  •  National  Tochnlcal  Inlormation  Service 

Sills  Building 
5285  Port  Royal  Road 
Springfield,  VA  22161 

*  EIA  *  Annual  Froquoncy  Conlrol  Symposium 

do  Electronic  Industries  Association 
200t  Eye  Snoot 
Washington,  DC  20005 

'IEEE  •  Institute  of  Electrical  5  Electronics  Engineers 
445  Hoos  Lane 
Piscataway,  NJ  08854 


Remittance  must  bo  enclosed  with  all  orders.  Prices  are  subject  to  change  without  prior  notico, 

A  subject  and  author  index  lor  the  Proceedings  of  the  10th  through  the  38th  Symposia  appears  as  a  supplement  io  the  38th 
Proceedings  volume. 
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